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More about the Size Dependence of the Surface Energy of
Charged Metal Clusters. Liquid Drop Model

V. V. Pogosov

Zaporizhzhia Polytechnic National University,
64 Zhukovsky Str.,
UA-6906 3 Zaporizhzhya, Ukraine

The problem of the sign of the size correction to the surface energy per unite
area of a single charged metal nanocluster within the liquid-drop model
(LDM) is considered. Within the stabilized jelly model detailing the LDM, the
effective radii of the electron cloud for Cs, Na, Mg and Al clusters are esti-
mated from the asymptotic behaviour of the electrical capacitance calculated
by the Kohn—Sham method. The uncertainty of the cluster boundary associ-
ated with the atomic-scale roughness and nonsphericity of the surface, with
taking into account the effective radius of the electron cloud of the cluster,
can lead to an inversion of the sign of the size correction for surface tension.
The distribution function of Cs clusters by charge and number of atoms in
dense vapour on the saturation line is estimated. The fact that the surface
energy of a metal depends on the dielectric constant & as weighted average
over the area of contact with the external environment is discussed. A metal
droplet on a dielectric substrate and a droplet in its own dense vapour are dis-
cussed as appropriate contacts. The dependence of surface tension on £ for
Cs, Na, Mg, Pb, Au and Al is calculated. Contact of a droplet with a dielectric
substrate always leads to a decrease in surface energy.

Key words: surface energy, metal nanocluster, electron-cloud radius, stabi-
lized jelly model.
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eHeprii BiOKPeMJIEHOTO 3apAAKeHOr0 MeTaJIeBOTO HAaHOKJACTEPA B KpalleJib-
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Kona-Illema, omineHo e(peKTUBHI pafiiocu eJIeKTPOHHOI XMapu 1A KJIacTepiB
Cs, Na, Mg it Al. HeBusHaueHicTh MeXKi KJacTepa, SKa MOB’A3aHa 3 IIIePCTKic-
TIO ATOMaPHOTO MacITady Ta Hec)ePUUHiCTIO TIOBEPXHi, a TAK0K e()eKTUBHOTO
paziioca eJIeKTPOHHOI XMapH KJacTepa MOMKYTh IPUBOJANTH M0 iHBepcii 3HaKyY
Po3MipHOI MOIIpaBKY ITOBePXHEBOTo HATATY. OnineHo GyHKIIiI0 pO3TOaiay KJia-
crepiB Cs 3a 3apAA0OM i uncjOM aTOMiB y HUX y I'yCTHUX ITapax Ha JiHil HacuUTy.
OO6roBOpPIOETHCA TOM (PaKT, IT0 MOBePXHEBa €HEePriA MeTaJy 3aJeKUTh Bill cepe-
MTHBO3BAKEHO] II0 TJIONII KOHTAKTY 13 30BHIITHIM CEpeLOBUINEM AieJIEKTPUYHOL
KOHCTAHTH &. fIK MOpeuyHU KOHTAKT OOTOBOPIOETHLCA MeTajieBa KpalejbKa Ha
TieJIeKTPUUHIN DiAKIAOUHIN Ta KpaIlis B TyCTOMY BiIacHOMY mapi. Pospaxosa-
HO 3aJIeXKHiCTh IToBepxHeBoro HaTAry Big &€ aas Cs, Na, Mg, Pb, Au it Al. Kou-
TaKT 3aByKAU IPUBOAUTD IO 3MEHIIIEHHA ITOBEPXHEeBOI eHeprii.

KarouoBi ciioBa: moBepxHeBa eHepris, MeTajJeBrUil HAHOKJIACTED, PAJiioC elekK-
TPOHHOI XMapu, MO/[eJIb CTabiIbHOTO JKeJe.

(Received 5 November, 2023; in final version, 15 December, 2023 )

1.INTRODUCTION

The role of surface effects in the processes of condensation, melting,
evaporation and emission of charged particles increases with decreas-
ing cluster sizes. Moreover, the characteristics of these effects, such as
the melting temperature, surface tension, electron and ion work func-
tions, the heat of atom evaporation, and the vacancy formation energy
themselves begin to depend on the size of the clusters.

The free energy per unite area of the spherical surface between two
phases can be represented in the asymptotic form as

y(R)zin%+O(%jsyo(1+k8), 1)

where vy, is the energy of flat surface, d=y1/v0, and k=+1/R is a signed
curvature.

The problem of the dependence of the surface tension of vapour bub-
bles and liquid droplets on the radius of curvature of the equimolecular
surface is the subject of numerous theoretical and experimental stud-
ies for simple and polar liquids [1-8].

The diversity of approaches and methods has not yet led to a unity of
views even on the qualitative nature of such dependence. Experimental
data for nucleation in simple liquids indicate that at temperatures
close to critical, the surface tension of vapour bubbles is less than at a
flat boundary [5].

Within the framework of the Gibbs separating surface method,
Tolman, Kirkwood and Buff [1, 2] formulated a visual definition of &
as twice the distance between positions of the Gibbs ‘tension’ surface
and the equimolecular one, R. The Kirkwood—Buff statistical calcula-
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tion leads to a decrease in the surface tension of the drop (the ‘tension’
surface position for =+1/R is closer to the condensed phase than to
the vapour). However, numerical calculations for y(R) within the
framework of the van der Waals model for a bubble in a superheated
liquid indicate the sensitivity of the magnitude and sign of the param-
eter 6 to the choice of model and calculation method.

In[10], crystalline Ar clusters of ‘almost spherical’ shape were stud-
ied. In the nearest-neighbour approximation, the total surface energy
and parameter & were calculated for a spherical particle. Then atten-
tion is drawn to the fact that a ‘real’ close-packed cluster is not a
sphere, but a polyhedron. In this case, it is proposed to take the radius
of a spherical surface described around a polyhedron as an equimolecu-
lar surface. This radius is larger than the previous one by approximate-
ly the average distance between atoms, i.e., the renormalized quantity
8’ ~d—-2ro<0 is introduced. In review [11], this technique is recom-
mended for calculating the specific surface energy of solid clusters.

Relatively little attention has been paid to the size dependence of the
surface tension y(R) of metal droplets, which is apparently due, firstly,
to the complexity of a consistent description of the surface of a liquid
metal plasma, and, secondly, to the lack of reliable experimental data.
From an analysis of the evaporation rate of microdroplets deposited on
a carbon substrate, the value of 6=-11.4 and —10.4a, (ao is the Bohr
radius) was estimated for Pb and Au, respectively[12, 13]. In [14], the
size dependence of the wetting angle of Pb nanodroplets on a carbon
substrate was measured, which leads to the value 6= -2.5a,. These re-
sults confirm the conclusions of thermodynamics [3, 7] about the pres-
ence of a negative size correction to the surface tension of a flat surface,
thereby indicating the existence of a general nature of the dependence
for microscopic droplets of a simple liquid with short-range interaction
forces between atoms, and for metal clusters (the Coulomb systems).

In one of the first works [15], using the Kohn—Sham method in the
model of ordinary jelly at zero temperature, a noticeable size depend-
ence of surface energy o(R) of solid Na clusters was not detected at all.
Then, in [16], using the same model and the Ritz method, the value o
for alkali metal clusters (6>0) was calculated for the first time. In
[17], the quantity was ‘extracted’ from the vacancy formation energy

£ = 47’ o, (L+ £™8), B =-1/71,. 2)

Using these magnitudes of 3, it turned out to be possible to obtain good
values for the atomic cohesion energy

& = dnr? o, (1 + E8), B = +1/1,. 3)

In Ref. [18], these results were tested in two ways: by the numerical
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solution of the Euler—Lagrange equation in the gradient expansion of
the electron density functional and using the Kohn—Sham method. As
a result, 6=1.76 and 2.76a, were found for Na and Cs, respectively.
The authors of [18, 19] concluded that 6 > 0 for all metal clusters.

In the two-component model of a liquid metal plasma [20, 21], the
Fisher—Wortis formula for 6 [4] was generalized to the case of the Cou-
lomb liquids and obtained for an ideally smooth convex spherical sur-
face.

For o(R) at low temperatures, using the semi-empirical Frenkel—
Langmuir rule, it was found that 6/ro=1/2 for metals and inert gases
[21]. It follows that the surface area of the radius r¢ is well described
the experimental data in LDM, however, the radius of a many-atomic
cluster apparently needs to be renormalized.

Modern data on the melting of small metal clusters [22—-24] confirm
and complement the analytical results of Pavlov [25]: as the cluster
size decreases, firstly, the melting temperature decreases, and second-
ly, only at cluster radii R< 1 nm (at which already quantum size effects
are significant) the size dependence of the melting temperature be-
comes noticeable. As noted in [22], the process of melting a cluster con-
sisting of hundreds of atoms, firstly, corresponds to an uncertainty in
the melting temperature—a pre-melting stage, extended in tempera-
ture by 10—-15 K, which creates uncertainty in the atomic density and
cluster size; secondly, the diffusion of surface vacancies into the bulk
is more favourable for clusters with unfilled electron shells than for
magic clusters. These key observations indicate the complexity of the
problem, the complex physics, and are useful for a comprehensive
analysis of the semi-classical size dependence of surface energy. The
value R=1 nm corresponds to the numbers of atoms in cluster N = 38,
106, 181 and 254 for Cs, Na, Mg and Al, respectively.

As follows from the above, microscopic calculations for droplets of
metals and simple liquids, as well as semi-empirical estimates, give op-
posite size dependences y(R) and o(R), which makes its study relevant
in the future.

2. BASIS OF CONSIDERATION

The total energy of a droplet, with ideal sphericity of its surface (i.e.,
‘point-likeness’ of atoms), is represented as the sum of the energy of
the volume and surface:

E — Ebulk +Esurf’ Ebulk oc R3, Esurf oc R2 . (4)
In fact, (4) is an expansion of the total energy in powers of R, imply-

ing a well-defined quantity R. However, the atomic-scale surface
roughness does not allow one to determine accurately the cluster
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boundary. Therefore, for example, the scattering of conduction elec-
trons on the surface of nanoclusters is predominantly diffuse, which is
important when calculating the optical characteristics of mono- and
bimetallic nanospheres [26].

The value E of a cluster consisting of N atoms can be calculated in
any model and then represented as an expansion in powers of N7/3, not
R, For example, within the framework of ab initio calculations, a
many-particle potential is first formed, and then, by sorting through
atomic configurations, the total force from all atoms on a selected at-
om is equal to zero, efc. As a result, the equilibrium shape of the clus-
ter in vacuum, temperature T =0 and distances between atoms corre-
spond to zero pressure [20, 21, 27—30], which can be considered as a
mechanical analogue of thermodynamics (criticism of the thermody-
namic approach for clusters in a rarefied atmosphere was given in
[13]). The resulting cluster shape is never spherical.

In fact, the cluster can be conditionally represented as a sphere (see
Fig.1in[10]) only for such numbersas N,=13, 55, 147, 309, ..., which
correspond to numbers n=1, 2, 3, 4, ... of coordination spheres of at-
oms. Only clusters with such N, are polyhedra, close-packed atoms
(balls of radius ry) Representing the total number of atoms in a cluster
asasum N, = N"™ + N*"', we can introduce the corresponding radii
in the form

R=r(n+t). (5)

The coefficient £ =0 corresponds to the surface passing through the
centres of the corner atoms of the polyhedron, and £=0.66 and 27'/2
corresponds to the equimolecular surface of the icosahedron and cub-
octahedron, respectively [10].

In Gibbs theory, the total surface energy of a cluster does not depend
on the choice of the radius of the dividing surface:

E* = 6(R)S(R) = o(R)S(R) . (6)
Then
_ 2
c(gz):@co[u%:co 1+8720 ) 0| &}, (7)
S(R) R R R
which, taking into account (5), leads to the expression
0(91):1+8—2§+0(i2j,852, (8)
o, n n T,

provided that the second term in r.h.s of (8) is much less than 1.
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3. CALCULATION RESULTS AND DISCUSSION

In LDM, which has proven itself well in nuclear physics and the physics
of metal clusters [31-36], a unique correspondence is established be-
tween the radius of the cluster (ion core) and N

R=N"r,. (9)

In classical electrostatics, the capacitance of a conducting sphere is
determined by its radius R. In LDM, the boundary of a positively
charged (ionic) core is always determined by the coordinate r=R. How-
ever, the electron liquid spill-out beyond this boundary. Renormaliza-
tion of the surface area can be carried out taking into account the ef-
fective radius of the electron cloud [34], which determines the electri-
cal capacitance.

In Refs. [36, 37], we studied the energy characteristics of charged
solid metal clusters and clusters containing a single vacancy in the sta-
bilized jelly model detailing the LDM for N <270, using the Kohn—
Sham method taking into account the quantization of the electron
spectrum. Let us use these results.

All energy characteristics, in particular, the ionization potential of
the cluster IPy and the energy of electron affinity EAy, have a strong
oscillatory dependence due to the spherical electron shell structure.
According to Koopmans’ theorem

(-e)’
2C,

2
P, = g0 4 9

= ,EA, =7 +
N N 2@;] N N

(10)

where aﬁo , SI]\',U and C,, arethe energies of the upper occupied and low-
er unoccupied orbitals, and electrical capacitances of positively and
negatively charged clusters, respectively.

Independent calculation of self-consistent quantities IPy, EAy, 8§°

and SI]\}U allows one to calculate the capacitances of charged

2 2
Z e YA e
- ¢ _Z=+),ci=—C _(z=-1, 11
No2(IP, +&X° ( b Ex 2(EA, +¢€Y ( ) (1)
as well as neutral
e2
Cy = = (Z=0) (12)

" IP, +€M° —EA, ¢

clusters (e is elementary positive charge). For large spheres in the Har-
treeunits(e=m=h=1)

CZ>rn+ef)=9. (13)
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TABLE 1. The results of calculations in LDM for T=0 K.

zZ

Metal ro/ao 5 s
z=-1 | z=0 | z-41
Cs 5.63 0.26 0.40 0.36 0.33
Na 3.99 0.32 0.42 0.32 0.32
Mg 3.39 0.54 0.37 0.54 0.46
Al 2.99 0.57 0.44 0.57 0.57

In fact, this is the effective radius of the electron cloud. Next, from
asymptotic behaviour of the cohesion energy (Fig. 8 in [36]) and elec-
trical capacitance (Fig. 6 in [36]) for the magic numbers of atoms, the
values of & and Eé were found (Table 1).

The value i?c , for example, for Na, exceeds by approximately 10%
the similar value calculated in a different way in [34], and the values
g1 > &) >¢& differ too by approximately 10% from each other. It
should still be noted that the magic numbers of atoms in LDM [36], as a
rule, do not coincide with n those in formula (13).

Let us recall that the value &Z must refer to expression (8) for clus-
ters whose shape is close to spherical. In the future, for estimates with
arbitrary N, we will use a hybrid approach and the formula

% (R) 5 — 2¢” 1
6—0:1+N—1/3€+0 N2/3 (14)

(on the issue of redefining the cluster radius, see also Ref. [38]).

Effects associated with the curvature of the surface of atomic clus-
ters and the temperature dependence of surface properties can deter-
mine the energetically favourable formation of cluster components in
plasma and their ability to accumulate an electric charge.

It is possible to estimate the distribution function of Cs clusters by
charge and number of atoms in them in dense vapour on the saturation
line using LDM in a similar way to how we did it earlier when calculat-
ing the ionization equilibrium in plasma (see details in [39] and [40]).
Caesium was chosen due to relatively low temperatures and the availa-
bility of reliable data for calculations. The dependence of the density
and pressure of caesium vapour on the temperature at the saturation
line is well known (unknown, however, is the temperature behaviour of
surface tension at temperatures above the melting point).

Therefore, having made a replacement ¢ — y(T') in (14), we then used
a decreasing linear temperature dependence yo(T) from the melting
point to the critical point, at which it is precisely known that y,=0;
from Table 1 the values 6 and &g , were taken, calculated at T=0 K (in
the two-component model [20] near the melting point for alkali metals,
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the calculated dependence 6(T') turned out to be weak).

In the theory of nucleation, it is believed that droplets containing
more than a dozen particles are macroscopic. Such droplets are consid-
ered when describing heterogeneous nucleation in supersaturated va-
pour. For estimations on the saturation line, we used the expression:

nf,(T)ociN“exp 1 o?(R,T) + z , (15)
AS T 2¢,C?

where Ar is the thermal wavelength of the atom in the vapour, &(T) is
the dielectric constant of the vapour [39, 40].

In Figure 1, a for caesium, the normalized distributions of clusters
by the number of atoms in them are shown. The applicability of LDM is
determined mainly by the half-width of the cluster concentration dis-
tribution n/(T) (Fig. 1, a) and values N*(T) (Fig. 1, b). For N = N*(T)
the functions n’(T) have maxima in Fig. 1, a. With increasing tem-
perature, the maxima njvl(T) shift towards higher N. The half-width
of the distribution is quite large, so in the problem when averaging
with a function nf, (T), the main contribution will come from large
clusters. For comparison, Fig. 1, b shows the result of the calculation
for which the size dependence of the surface energy in (14) is complete-
ly absent. The negative sign of the correction in (14) indicates favour-
able formation of heavier clusters in the metal-vapour—plasma, and
Fig. 1, b demonstrates the sensitivity of the LDM applicability to the
description of critical phenomena.

90 T T T T

Reduced nﬁ
I
=

=
n

0.0

1400 1600 1800
K

Fig. 1. Calculated dependences n’(T) and N*(T) on the saturation line for Cs
vapour. The dash-dotted curve indicates the dependence N*(T) calculated un-
der the assumption 6%(N)/co=11in (14).
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In conclusion, let us pay attention to the possible refinement of exper-
imental data on the surface tension of liquid metal nanodroplets obtained
by measuring the size dependence of the Young contact angle[12, 14].

It is known that in the statistical description of a metal drop, the
pressure tensor, including T=0 K, contains the Maxwell stress tensor,
which depends on the dielectric constant of the environment [20, 41,
42]. Recent works [41-43] have developed an approach to the problem
of a metal surface with a non-uniform dielectric coating. Attention is
drawn to the fact that the work function of the metal depends on the
dielectric constant € weighted average over the contact area.

If a metal droplet of area S is in the vapour phase with a constant ¢,
but touches a dielectric substrate with a constant ¢ (contact area o.S,
a < 1), then the effective influence of the substrate and vapour, as fol-
lows from the Gauss theorem [43], is reduced to calculating the work
function of the droplet in a homogeneous fictitious dielectric medium
with constant

E=oe+(1-a)e,. (16)

A comparison of the results of fully self-consistent calculations in
[44, 45] and partially self-consistent calculations in [41, 42] indicates
that the results obtained for the surface energy in[41, 42] can be taken
approximately as an ‘upper’ estimate. The calculation involves inte-
gration over the entire space, taking into account the complex behav-
iour of electron density and potential profiles, which the Ritz method
is not capable of reproducing.

Taking into account the dielectric coating leads to a decrease in sur-
face energy compared to a drop in a vacuum. For a drop suspended in a
vapour, o = 0, and the vapour constant ¢, can be estimated using the
Clausius—Mossotti formula. Therefore, the surface tension of a droplet
in a vacuum, a droplet on a dielectric substrate, and a droplet in dense
vapour are different from each for o,.

Using the calculation scheme of the Ritz method and the trial func-
tion [41, 42], the values o,(€) for Cs, Na, Mg, Pb, Au and Al were cal-
culated (see Table 2).

Example: a drop of Pb on a substrate of amorphous carbon, for
which £¢=10, and &,=1 for vapour. Let the fraction of the surface
touching the substrateis a =1/10. What isits surface energy now? Us-
ing (16), we obtain

§=i10+ 1—i 1=1.9,
10 10

and, based on Table 2, we are guessing that 6o~ 614 erg/cm?. Compared
to € =1 the decrease in surface energy was 14% . Apparently, such a
significant decrease is weakly dependent on the capillary effect.
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TABLE 2. The results of calculations ¢,(€) (in erg/cm?) for a.=1.

g 1 | 2 | 3 | 4 | 5 10
Cs (1) 66/79 63 62 62 62 61
Na(l)  178/191 167 163 161 159 157
Mg(2)  520/569 460 436 424 417 401
Pb(4)  714/465 603 560 537 523 493
Au(3)  858/1134 690 625 590 568 523
Al(3)  872/1160 698 630 593 570 522

Let us recall that such an estimate gives a somewhat overestimated
effect of the dielectric coating.

Now consider a drop of Cs suspended in dense vapour (o.=0) on the
saturation line at T'=1400 K, when the vapour can still be considered
as an ideal gas. Then, formula (16) gives & =¢_ , and the Clausius—
Mossotti formula gives &,=1.064. Moreover, although the exact sur-
face tension at such a temperature is unknown, calculations at T=0
and such a value of & indicate an insignificant effect for this tempera-
ture.

4. CONCLUSIONS

In this work, the effective radii of the electron cloud for Cs, Na, Mg
and Al were calculated using the stabilized jelly model from the asymp-
totic behaviour of the electric capacitance. The calculation results were
used to analyse the size dependence of the surface tension of charged
metal clusters. To comply with thermodynamic theory, in which atoms
are points, it is obvious to refine the surface area of the cluster taking
into account the finite sizes of atoms (their non-pointiness). The un-
certainty of the boundary associated with the roughness of the atomic
scale, as well as taking into account the effective radius of the electron
cloud of the cluster, can lead to an inversion of the sign of the correc-
tion.

Contradictions arise not only when choosing a calculation method,
but also in determining the area of the real surface and its local curva-
ture, which may indicate that the accuracy of the model is exceeded in
the absence of reliable experimental data. Therefore, in asymptotic,
representing the total cluster energy in the form of an expansion in
powers of N''/3, and not R at least reduces the overall modelling error.

The influence of the environment on the surface energy of the drop-
let is estimated. Particular attention is paid to the influence of the die-
lectric substrate: the surface energy of the metal depends on the dielec-
tric constant weighted average over the area of contact with the exter-
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nal environment. Calculations were performed for Cs, Na, Mg, Pb, Au
and Al. Contact of a drop with a dielectric substrate can lead to a sig-
nificant decrease in surface energy.
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The peculiarities of the process of forming complex compounds, namely,
spinels, in flux-cored arc welding for the slag TiO2—MnO—-SiO2-MgO—-CaO—
FeO—-Al:203 system are studied. An experimental investigation of the mecha-
nism of spinel formation in conditions of electrode arc welding and cladding
under flux is carried out. Based on the analysis of microimages of the slag
surface obtained using scanning electron microscopy, the mechanism of spi-
nel formation, namely, the growth of microcomplex compounds into macro-
spinels, is presented. The main stages and mechanism of formation of the
complex compounds, namely, spinels, are described. As shown, the structure
of spinels is determined by the temperature conditions of the crystallization
of the slag melt. The study reveals that one of the determining factors of
high-temperature separation of the slag crust during multilayer cladding
with overlap of the previous layer is the formation of spinels at the inter-
phase boundary between the slag and the metal. Based on modern ideas about
the structure of slag melts, a mechanism for the formation of complex com-
pounds at the interphase boundary between slag and metal is proposed. The
main factor determining the process of high-temperature separation of the
slag coating for the TiO:—MnO-SiO:-MgO—-CaO—-FeO—-Al2:03 system is the
formation of complex compounds based on spinel-forming elements and slag
oxides at the interphase boundary between the slag and the metal.
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HocaimxeHo 0COOJIMBOCTI IPOIlECY YTBOPEHHS KOMILIEKCHUX 3 €IHAHbL —
mImiHeJ e miJ yac eJIeKTPOAYTOBOTO 3BAPIOBAHHA ITiJ (DJIIOCOM AJIA IMIJIAKOBOIL
cucremu TiO2—~MnO—-SiO2—MgO—-CaO—-FeO—Al:03. IIpoBeerno ekcriepruMeHTAa-
JbHE OOCHIIKeHHA MeXaHi3My YyTBOPEeHHS KOMILIEKCHUX 3’€IHAaHbL — IIMiHe-
Jieil B yMOBaX eJIeKTPOIyroBOTO 3BapPIOBAHHSA Ta HATOILIEHHS mig daocom. Ha
OCHOBi aHaJidWm MiKpos3oOpasKeHb MOBEPXHIi IJIAKY, SKUX OJepPyKaHO 3a IOIIO0-
MOTOIO0 PaCTPOBOI eJEeKTPOHHOI MiKpPOCKOIIii, mpejcTaBJIeHO MeXaHi3M yTBO-
PeHHJA IIIIiHeJell — HepepoCTaHHA MiKPOKOMILIEKCHUX CIIOJYK Y MaKPOIIIMi-
Hesi. HaBemeHO OCHOBHI eramm Ta MeXaHi3M YTBOPEHHS KOMILIEKCHUX
3’eqHaHb — IIiHeJseli. 3’sgCoBaHO, IO CTPYKTypa IIMiHeJel BHU3HAYAETHCS
TeMIIePaTyPHUMM YMOBaMU KPHCTaJi3aIii MyakoBoro posromny. B poboTi mo-
KasaHo, M0 OJHMM 3 BU3HAUYAJLHUX UMHHUKIB BMCOKOTEMIIepATypPHOI Bin-
IiTBHOCTH IIJIAKOBOI KOPKH 3a 6araToITapoBOTO HATOILIEHHS i3 IEPEeKPUTTAM
OOoIIePeHBOTO IMapy € YTBOPEHHS MIIiHeJed Ha MiXdasHIil Mexi murax—
meTras. Ha oCHOBIi cyuacHUX yABJIEHB IIPO OyJOBY IILJIAKOBUX PO3TOIMIB 3aIIpo-
IIOHOBAHO MEXAaHi3M YTBOPEHHS KOMILJIEKCHMX 3’€IHAHL Ha Mik(asHill merxi
mrak—meTas. OCHOBHUM YMHHUKOM, I110 BU3HAYAE IIPOIeC BUCOKOTEMIIEPATY-
PHOTO BigZiTeHHA MIJIaKOBOTO MOKPUTTA nid cucteMu TiO2:—~MnO-SiO2:—MgO—
CaO-Fe0—Al:03, € yTBOpeHHs Ha MiK(pasHiil Mexi ImIakK—meTas KOMILIEKC-
HUX 3’€IHAHDL HA OCHOBI HINiHEJeTBipHNX €JIeMEeHTiB Ta OKCHUIIB IILIaKy.

Karouosi croBa: 3BapioBaHHSA Ta HATOILJIEHHS IIif (iocoM, arjoMepoBaHi
darocu, ILIaKOBa KOPKa, MiskdasHa Me:Ka MIJIaK—MeTas, OKUCHUY ITOTEeHIIi AT
IIJIaKYy, MITiHe i, BiToKpeMIeHHA IIJIAKOBOTO ITIOKPUTTA.

(Received 12 April, 2023; in final version, 15 June, 2023)

1.INTRODUCTION

In modern industrial production, there is an increasing use of repair
welding of worn surfaces made of carbon and low-alloy steels in many
industries. The technological conditions for welding such materials in-
volve heating to 500—600°C, which usually leads to problems with sepa-
rating the slag coating after welding. Existing materials for arc welding
and flux-cored welding cannot provide guaranteed separation of the slag
coating at temperatures above 250—-300°C. This is particularly relevant
for multilayer welding with overlapping of the previous layer, which
can lead to a disruption of the technological process due to the flow of
processes at the slag—metal interphase boundary determined by the
physicochemical properties of the slag and the chemical composition of
the weld metal.

Improving the technological characteristic of flux, such as high-
temperature separation of the slag crust, would generally lead to signif-
icant economic benefits by ensuring the continuity of multilayer weld-
ing/repair of parts that require heating to 500—-600°C. This would elim-
inate the technological operation of forced separation of the slag crust,
reducing costs for eliminating defects from slag inclusions and reducing
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the overall production time.

In the case of flux-cored welding/cladding, the interaction of the
slag—metal phases at the interphase boundary of the tail part of the
welding bath in the area where the formation of complex compounds
(spinels) is possible, has been poorly studied. Accordingly, processes
that result from the interaction of slag—metal and are determined by the
mutual transition of individual elements at the interphase boundaries of
the reaction zone of welding during automatic flux-cored welding, have
been insufficiently studied. This is due to the complexity of conducting
research accompanied by very high temperature gradients and suffi-
ciently high crystallization rates. Traditional chemical analysis allows
determining the composition of only the initial raw materials, but not
the final product of the welding process. However, even such data are
very scarce in the literature. Furthermore, there is a lack of data, which
would characterize fully the relationship between the composition of the
molten flux, the base metal of the weld, and the formation of spinels,
which, in turn, worsen the high-temperature detachment of the slag
crust.

To ensure guaranteed separation of the slag crust, all interrelated
parameters that determine the process of slag crust separation must be
taken into account: the physicochemical properties of the flux, welding
and cladding regimes, chemical composition of welding materials and
base metal. The separation of the slag crust depends on the physico-
chemical properties of the slag, such as the melting temperature of the
slag, interfacial tension, and the temperature of slag crystallization. In
turn, physicochemical properties are determined by oxidation processes
at the slag—metal interface.

Control of oxidation processes is carried out by changing the ratio of
flux components, which together with welding and cladding regimes
affects the formation of the weld joint. In this work, the main attention
is paid to the process of spinel formation, which is one of the main fac-
tors that affect the ease of slag crust detachment.

The ratio of welding material components can significantly affect the
processes that occur at the slag—metal interface and, as a result, the
concentration of certain alloying elements in different areas of the weld
leads to a greater or lesser degree of local slag—metal adhesion, depend-
ing on the affinity of the elements to oxygen.

The guaranteed separation of slag crust is ensured by controlling pa-
rameters such as the difference in thermal expansion coefficients of the
metal and slag and the probability of spinel formation.

One solution to this situation could be to study the algorithm of pro-
cesses that occur at the slag—metal interphase boundary in the low-
temperature part of the welding/melting reaction zone based on modern
concepts of the ionic and molecular structure of slag melts to predict the
formation of complex compounds—spinels.
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The presence and composition of complex compounds (spinels) are
determined by the reactions that occur at the interphase boundary, as
well as the concentration and temperature conditions of the interacting
metal and slag phases. The first factor is the temperature conditions for
the formation of complex compounds, which are determined by the in-
teraction of the solidified weld metal and the liquid slag. The tempera-
ture range is limited by the metal crystallization temperature (1500
1400°C) and the slag-crust solidification temperature. During slag so-
lidification, the following processes occur: the transformation of the
liquid slag solution into a solid solution, the release of complex com-
pounds from the liquid and solid solutions, and chemical interaction at
the slag—metal interphase boundary.

When the solid solution forms, it can have a glassy or amorphous
structure. The process of converting liquid slag into a solid solution is
accompanied by the release of certain complexes of complex oxides. Such
compounds may be chemically neutral to the solution or interact with it.
In the first case, no chemical reactions occur at the slag—metal bounda-
ry, in the second case, the slag may grow on the metal surface as a result
of the chemical interaction of the slags’ complex compounds with the
surface of the weld metal [1].

The adhesion of the slag crust to the metal surface is carried out
through a thin layer formed at the boundary between the slag—metal
system (Fig. 1) and depends on its chemical composition. The more metal
oxides form complex compounds with slag oxides on the boundary in a
thin layer, the worse the separation becomes.

This is related to the fact that reactions at the slag—metal interface
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Fig. 1. Diagram of flux-cored arc welding and cladding, where 1—welding
wire, 2—base metal, 3—droplets on the surface of the slag dome, 4—droplet,
5—liquid metal of the weld pool, 6—gas phase, 7—metal droplets in the slag,
8—gas bubbles, 9—Iliquid slag, 10—weld (9—10—interphase boundary slag—
metal in the tail part of the reaction zone of welding), 11—slag crust, 12—semi-
molten grains of flux, 13—flux.
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occur in the back part of the welding reaction zone, where the flux is
transformed into liquid slag, which covers the surface of the metal and
can remain liquid for some time after the metal has already solidified.
Accordingly, this affects the formation of the transition layer between
the metal and slag, which increases the probability of spinel formation.

The presence of slag residues after separation of the slag crust is re-
lated to the physicochemical interaction between the slag and metal,
which forms an intermediate slag layer with a crystalline lattice that
promotes the growth of slag on the surface of the melted metal. The con-
centration of certain alloying elements in specific areas of the weld leads
to a greater or lesser degree of local adhesion of the slag to the metal,
depending on the affinity of the elements to oxygen. According to exist-
ing ideas, the distribution of adhesion forces between the slag coating
and metal has an uneven character.

Regulating the process of separating the slag crust during welding
and cladding can be based on predicting the physicochemical properties
of slag melts, including reactions at the slag—metal interface. The na-
ture and characteristics of these reactions are determined by the time of
existence of the metal and slag melts, their concentration conditions,
and the activity of components. Therefore, the possibility of controlling
the process of separating the slag crust from the surface of the weld
metal under flux by predicting changes in the physicochemical proper-
ties of the slag melt, including its temperature range of crystallization
and controlled changes in the activity of participants in reactions at the
slag—metal interface, is most likely achievable.

The chemically active structural elements of a slag melt are spinels.
From a chemical point of view, spinels (from ‘German Spinell’) are a
group of minerals of the class of complex oxides that have a general
formula of AB;O, or A(A, B)O,, where A—Mg, Zn, Mn, Fe, Co, Ni and
B—Al, Fe, Cr, Mn, Ti, V[1]. Spinel is a system of solid solutions with a
well-developed isomorphism of cations A and B. Their formation process
is associated with crystal growth. Chemical compounds formed on the
basis of oxygen at the slag—metal interphase boundary, depending on
the concentration conditions of the presence of cations A or B and oxy-
gen anions, can lead to the formation of different types of spinels.
Spinels crystallize in the form of octahedral and tetrahedral compounds.
Based on existing ideas in chemistry, the elementary structure of
spinels has 32 oxygen anions, which form a dense cubic packing with 64
tetrahedral vacancies (8 cations occupied) and 32 octahedral vacancies
(16 cations occupied) [2]. Dense packing of oxygen in spinels is also not-
ed in the theory of nanoscale components of a slag melt and complex
compounds of elementary particles [2]. This explains the high chemical
and thermal stability characteristic of all types of spinels. Spinels are
characterized by high-temperature formation conditions of 1920-
1400°C, which correlate with the temperature interval of the formation
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of the crystalline phase of spinels [3, 4]. The main difference in the
mechanism of spinel formation during welding and surfacing is the
presence of a metallic component at the interphase boundary. This leads
to the fact that conducting a direct analogy with the processes consid-
ered in the theory of spinel formation as chemical mineralogical com-
pounds is impossible. In the conditions of welding, in addition to the
concentration conditions, which significantly differ at the slag—metal
boundary, the difference in the thermophysical properties of the slag
and metal has a significant impact on the process of spinel formation.
The result of this is the presence of a process of bonding a slag crust with
the metal of the weld, and as a result, the influence of the peculiarities
of spinel formation on the separation of slag, which is confirmed by ex-
perimental data on the separation of slag coating during surfacing, as
well as the chemical composition of complex compounds that arise on the
surface of the weld metal [3, 4].

2. EXPERIMENTAL PROCEDURE

The purpose of this work was to investigate experimentally the mecha-
nism of complex compound formation (spinels) under conditions of
flux-cored arc welding and cladding.

Special agglomerated fluxes (SAF) SAF-2 and SAF-3 of a TiOs—
MnO-SiO;—MgO—-CaO—-FeO—-Al;0; slag system with a low content of
Ca0O, FeO, and K;O0 were produced for the research. The selection of
this slag system was determined by the inclusion of elements that
should affect the process of spinel formation. The presence of CaO,
FeO, and K0 oxides as a result of impurities in the raw materials used

2 mm

Fig. 2. Shows an image of the weld (c), a magnified fragment of the weld sur-
face (a), and a slag crust (b) under the flux SAF-2 slag system TiO2—MnO—
Si02—MgO—-CaO-FeO—-Al20s.
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in flux production technology, and the presence of SiO; oxide was due
to the need to ensure the fluxes-forming ability. To change the fluxes-
oxidation potential, the MgO to TiO; ratio was varied in the flux com-
position. For SAF-2 flux, it was of 0.45, for SAF-3, it was of 1.0. The
content of other components was kept unchanged whenever possible.

Under experimental fluxes SAF-2 and SAF-3, samples of the Sv-
08G1NMA wire with a diameter of 3 mm were welded. The welding
parameters were constant direct current, I = 420-450 A, V = 34-36
m/s, U =32-36 V [5, 6]. After welding, non-metallic macroinclusions
(macrospinels) on the weld metal surface, slag crust, and microinclu-
sions on the slag surface were investigated. The study of macroobjects
was carried out using digital photography. The slag microstructure
was studied using scanning electron microscopy at magnifications of
250-1570 times.

It was found that macroinclusions are present on the surface of
welded joints, the shape of which depends on the MgO to TiO; ratio. For
the SAF-2 flux, the shape of macroinclusions is longitudinal, and for
the SAF-3 flux, it is point-like (Fig. 2, a—c). The sizes of longitudinal
macroinclusions are as follow: thickness of = 0.1-0.3 mm, length of
=~ 2—7 mm; for point-like ones: diameter of = 0.05-0.012 mm. The loca-
tion of macroinclusions: for the SAF-2 flux, the main part is located in
the centre of the joint in the welding direction and perpendicular to the
axis of the joint (Fig. 2, a, ¢).

For the SAF-3 flux, macroinclusions have a localized character and
are present in certain areas of the welded joint. The macroinclusions
are distributed chaotically along the length of the weld joint, practical-
ly along its entire length (Fig. 3, a, c).

Fig. 3. Image of the weld (c), enlarged fragment of the weld surface (a), and
slag crust (b) under the SAF-2 flux of the TiO:—MnO-SiO2—-MgO—-CaO—-FeO-
Al:03 slag system.



308 N. M. STRELENKO, V. L. KOVALENKO, and R. V. MASTENKO

Photographs of the slag (Figs. 2, b and 3, b) show that the macroin-
clusions on the weld joints and their reflections on the slag crust coin-
cidein location, size, and are quite voluminous.

Taking into account that macroinclusions have a volumetric shape
and their traces are present on both the metal and the slag (Fig. 2 and
3), and that the chemical interaction between the metal and the slag
can only occur when there are common compounds, it can be assumed
that the obtained macroinclusions have a spinel-like character, which
is confirmed by their chemical composition. The next stage of the
study was to determine the structural components of the surface of the
slag crust using scanning electron microscopy (SEM). To do this, sam-
ples of the slag crust were cut out with a size of 5x5 mm. The surface of
the slag that borders the metal of the weld was examined.

Based on the analysis of the SEM data of the slag surface coating, it
was found that for SAF-2 flux, the crystals that form when the slag
cools down are on a common base and are evenly distributed (Fig. 4, a,
b). The crystals have the form of irregular polygons with a length of 2—
25 microns and a width of 1-5 microns and are separated by a base, on
which they are located. Larger microconnectors of a round shape with
irregular edges measuring 15—-30 microns are also observed, which
represent polygons that have grown together. Visual analysis of the
microimage of the slag crust surface shows that the crystals are orient-
ed in perpendicular directions (Fig. 4, d), which means that the ar-
rangement of micro- and macrospinels (Fig. 2, a) coincides. This allows
us to assume that micropolygons grow into macroinclusions.

Based on SEM analysis, a visual and chemical analysis of the slag
showed that microconnections of the following composition are locally
located on the surface of the slag crust: SiO; (5—10%), TiO; (40—70%),
MnO (20-40%), MgO (0.4-0.9%), FeO (1-3%), CaO (2—3%). Known fea-
tures of the structure of complex compounds, such as spinels, and data
obtained on the chemical composition of microconnections, allow us to
assert that the microinclusions on the surface of the slag are spinels.

The analysis of microimages of the slag obtained under SAF-3 flux

50um

Fig. 4. Microphotographs of the slag surface at different depths of focus (a, b)
and the orientation of the crystals on the surface of the slag coating (c).
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Fig. 5. Micrograph of the surface of the slag at different focusing depths (a, b)
and orientation of pyramidal-shaped crystals on the surface of the slag coat-
ing (c).

showed significant heterogeneity of the coating (Fig. 5, a, b). Crystals
that form during slag cooling are grouped in certain areas and are char-
acterized by significant unevenness in height (Fig. 5, a, b). Visually,
areas consisting of pyramid-shaped crystals (Fig. 5, c¢) of the same orien-
tation and size of 4.5—7.5 ym are observed. The chemical composition of
the areas and their appearance during macro- and microvisual analysis
show that macroconnections on the surface of the weld metal are the
result of the overgrowth of pyramid-shaped microspinels into macro-
spinels, asis the case with the overgrowth of polygons for SAF-2 flux.

Data from visual analysis of micro- and macrospinels and their chem-
ical composition (Fig. 6) allows us to conclude that macrospinels are an
extension of microspinels, the shape of which depends on the ratio of
MgO and TiO; oxides, i.e., on the slags’ oxidation potential.

It has been established that there are three main interrelated fac-
tors, which determine the separation process: chemical bonding metal,
slag, and physical adhesion in the presence of a similar lattice, which
can occur simultaneously but have different nature.

The theory of the structure of slag melt based on theories of nanomi-
celles and complex molecules formed on the basis of oxygen is more
advanced and can be applied to explain and predict processes in slag

Concentration, % Concentration, %
80 80
60 60
0 gﬂ A:n‘_:ﬂ "
A Vi {1/
0* 0*
8i02 Ca® MgO MnO Al203 Cr203 FeO TiO2 8i02 CaD MgO MnO Al203 Cr203 FeO TiO2
a b

Fig. 6. Concentration of oxides in spinels during surfacing with flux SAF-2
(a) and SAF-3 (b) according to the chemical analysis based on SEM.
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melt and at the interphase boundary, provided that the existing crys-
talline forms of octahedral and tetrahedral compounds formed during
slag and metal crystallization are taken into account.

The mechanism of spinel formation has been elucidated, which con-
sists of the following stages: the occurrence of chemical reactions to
form microspinels in the form of complex compounds at the interphase
boundary of liquid slag and metal in the temperature range of 1450—
1350°C; the appearance of a crystalline phase at the boundary of inter-
acting phases; the transition of microspinels to macrospinels at 1350—
1100°C with adhesion of the metal surface seam to the slag coating. Asa
result of the mechanism of spinel formation during arc welding and
flux-cored arc welding, complex compounds (spinels) are formed at the
slag—metal interfacial boundary during the formation of slag coatings
and in the presence of spinel-forming elements in microvolumes as a
result of chemical reactions. The dense packing of oxygen in spinels,
which corresponds to the structure of nanomicelles that are components
of oxide slag melts, leads to the merging of microspinels, which can
grow into macroformations. The oxidation potential of the slag, which is
determined by the flux composition, has the main influence on these
processes in the presence of spinel-forming elements.

Based on the obtained research results, final testing is currently un-
derway for an innovative welding flux that allows for self-separation of
the slag crust, which manifests immediately after the welding process.
The slag crust self-detaches from the seam with the ‘self-jumping’ ef-
fect, which simplifies the work of welders and eliminates the labour-
intensive operation of manual cleaning/separation of the slag crust
from the seam, reducing the likelihood of slag inclusions during multi-
pass/multilayer welding/cladding.

3. CONCLUSIONS

From the list of related parameters that determine the process of high-
temperature separation of slag crust, the physicochemical process of
spinel formation at the interphase boundary between liquid slag and
solid metal of the seam was investigated.

As a result of the research, the mechanism of spinel formation dur-
ing flux-cored arc welding and cladding of low- and medium-alloy
steels was demonstrated.

The main structurally dependent connections that affect the condi-
tions of interaction at the slag—metal interphase boundary were identi-
fied.

It was established that in the presence of spinel-forming elements at
the slag—metal boundary, the formation of crystallization centres oc-
curs, which are characterized by spinels that subsequently grow into
macrospinels.



PHYSICOCHEMICAL PRINCIPLES OF SPINEL FORMATION 311

Based on modern concepts of the structure of slag melts, a mecha-
nism for the formation of complex compounds at the slag—metal inter-
phase boundary with the growth of microcomplex compounds into
macrospinels is proposed. The external appearance of the slag crust
structure, obtained using SEM, indicates that for the SAF-2 flux,
spinels have a larger size (up to 25 microns) than for the SAF-3 flux
(up to 10 microns). This leads to the growth of microspinels into mac-
rospinels for the SAF-3 flux. The shape and structure of these aggre-
gates are determined by the oxidizing potential of the slag.
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IMominmmeHHA MOKA3HNKIB AKOCTH ITOBEPXHEBUX NIAPiB KPUIIEBUX
IeTaJIiB IMicJa aIIOMiHyBaHHS €JIEKTPOiCKPOBUM JIeI'yBaHHSIM.
Y. 2. PesyasTaTé BILIMBY NPOAYKTUBHOCTH AJIOMiHYBaHHS
€JIeKTPOiCKPOBUM JIEI'YBaHHAM HA CTPYKTYPHHH CTaH KPUIEBUX
IIOBEPXOHb

O.II1.T'anoroBa, B. B. Tapensauk”, T. I. #unernxro, H. B. Tapensauk’,
0. A. Bacunenko®, C. B. IlaBnosckuit”

Cymcovruil depicasruil ynieepcumem,
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40007 Cymu, Yrkpaina
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40021 Cymu, Yrpaina

B cTaTTi mpoBoaMIM JOCTIMMKEeHHSA PYToro eTamy aJloOMiHyBaHHA, KOJIM Ha II0BE-
PXHIO, II0 3a3HaJIa AJIOMiHyBaHHS Ha MEPIIIOMY eTalli, Iepes IoJaIbITNM eJleK-
TPOiCKPOBUM JIEI'YBaHHAM AJIOMiHiIIOBOIO €JI€KTPOI0I0 HAHOCATHL KOHCUCTEHTHY
PEUYOBHUHY, IKa MiCTUTH aJIIOMiHifIOBY Iyapy (mepimuii BapisauT) abo rpadiToBuii
TIOPOIIIOK i asifoMiHifioBY nyapy (Apyruii BapisgHT), IicJId YOro, He YeKaluu BU-
CUXaHHA KOHCHUCTEHTHOI PEUOBUHU, IIPOBOAATEL MPOIlEC aJIOMiHyBaHHA 3a eHep-
rii pospazny y 0,562—2,6 II;x i npogyxkrusaoctu y 1,0—-2,0 cm?/xXB.; eHeprimo pos-
PALY i IPOAYKTUBHICTL OOMPAaIOTh TAKMMHU, IO IIIEPCTKIiCTh IIOBEPXHi 3MEHIITY-
eTheA ¥ = 3—4 pasu. 3a alioMiHyBaHHA HA APYTOMY eTali Ajs 000X BapisHTiB i3
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BUKOPUCTAHHAM KOHCHUCTEHTHOI PEUOBWHU, AKA MICTUTH AJIOMIiHiNOBY IyApYy
a00 ayrroMiHiZIOBY my[apy Ta IIOPOINOK rpadiry, 30iJbIIyeThCA MiKPOTBEPLiCTH
«bismoro mapy» Ta nudysiitHol 30HU (B OLIBIITOMY CTYIIeHi 3a HASBHOCTHU Y KOHCH-
CTeHTHi# peuoBuHI rpadiTy), IIePCTKiCTDb MMOBEPXHi 3MEHIITYEThCS, & CYIiIbHICTD
nokputrs cranoBuTh 100% . o mpakTrumoi pearisalii peKOMEHAYETBCA [IPOBO-
OIUTHU IIPOIleC AaJIIOMiHYBaHHSA 3a IMEpIIMM BapigAHTOM 3 €Hepri€e po3pAnxy
Wp=4,6-6,8 [I:x i3 BUKOpPUCTAHHAM Ha IPYTOMY eTalli KOHCUCTEHTHOI PeYOBHU-
HU, AKa MiCTUTh aJIIOMiHiHIOBY IyAPY Ta IIOPOIIOK rpadiry.

KarouoBi ciioBa: ejleKTpoiCKpoBe Jier'yBaHHS, AJMIOMIHYBaHHS, HPOAYKTHUB-
HiCThb, TOBEePXHEBUH IMIap, AKiCTh, CTPYKTypa, IIEPCTKIiCTh, MiKPOTBEPAICTS,
TOBIUHA «01JIOTO IIapy», CYMiJIbHICTH MOKPUTTA.

In the article, investigation is carried out at the second stage of aluminizing,
when a consistent substance containing aluminium powder (the first option)
or graphite powder and aluminium powder (the second option) is applied to
the surface that has undergone aluminizing at the first stage, before further
electrospark alloying with an aluminium electrode, and, regardless of the dry-
ing of the consistent substance, the aluminizing process is carried out at a dis-
charge energy of 0.52—2.6 J and a productivity of 1.0-2.0 cm?/min, while the
discharge energy and productivity are chosen such that the surface roughness
decreases by = 3—4 times. At the second stage aluminizing for both options,
when using a consistent substance that contains aluminium powder or alumin-
ium powder and graphite powder, the microhardness of the ‘white layer’ and
the diffusion zone are increased (to a greater degree when graphite is present
in the consistent substance), the surface roughness is decreased, and the integ-
rity of the coating is of 100% . Before practical implementation, it is recom-
mended to carry out the aluminizing process according to the first option at the
discharge energy Wp=4.6-6.8 J, using a consistent substance containing alu-
minium powder and graphite powder at the second stage.

Key words: electrospark alloying, aluminizing, productivity, surface layer,
quality, structure, roughness, microhardness, thickness of the ‘white layer’,
coating continuity.

(Ompumano 30 mpaernsa 2023 p.; ocmamouH. apiasnm — 25 aunua 2023 p.)

1. BCTYII

B mepimriit vactuui crarri [1] OyJsio mpoBeseHO aHAJi3Yy CTPYKTYPOYTBO-
PeHHs Ta BJACTUBOCTEIl ITOBEPXHEBUX IIapiB AeTasiB 3 KPUIli ITicJis
aJIIOMiHYBaHHA TPASUIIMHUMU TeXHoJoriamu [2—5] i MeTO0I0 eeKT-
poickposoro Jgeryepauus (ELJI) [6—8]. I3 posriasmomM mpobiaeMu HifgBuU-
IIeHHS TexXHOJorii adoMminyBaHHA MeTonoo EIJI mokasaHo, 110 AKiCcTh
noBepxHeBuXx 1mapis 3a EIJI mae psan mepeBar mepej iHITAMY T€XHOJIOTI -
samu [9, 10], ane mae it Hegouiku [11], Axi MoKHA YCYHYTH 3a PaXyHOK
mozasbIioi moBepxHeBoi medopmartii (IIII) [12, 13] abo uepes HaHe-
CeHHsA MeTajionmoJiiMepHuXx MarepianiB [14, 15]. BogHouac BuABJIEHO
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pesepBU IJid IMiABUNIEHHSA IapaMeTpPiB AKOCTU IIOBEPXHEBUX MIapiB ze-
TaJiB 3 KPUIli 3a aJlOMiHyBaHHA 3a PaxyHOK 3MiHU IPOAYKTHUBHOCTU
nporecy EIJI axioMiHiZI0BOIO €JIEKTPOI0I0-iHCTPYMEHTOM, AKA € OJHIIM
i3 BaXKJIMBUX PEKMMHUX TapaMeTPiB TeXHOJIOri] aJloMiHyBaHHA.

B mepmriit vacTuHi po60oTH JOCHiAMKyBaNu ABA BAPiTHTH 3MEHIIIEHHS
MIPOAYKTUBHOCTH TIO BiZHOINIEHHIO A0 BKaszaHoi B Tabia. 1 poboru [1]. B
rabauili 2 podortu [1] mpeacTaBiaeHo JaHi TUX BapisTHTIB: mIepIuii, KOJIu
MIPOAYKTUBHICTE OyJI0 3MEHIIIEHO = B ABa pasu; APYTUH, KOJHU IIPOIYK-
TUBHICTEL OYJI0 3MEHIIIeHO = B YOTHUPHU pas3u. KoXHUI 3 BapiAHTIB BUKO-
HYBaJIU B IBa eTallu.

B meprriit vacTuHi pod0TH AOCTiIKyBaIu IIepIInii eTam 000X BapisH-
TiB, KOJH1 00PO0JIEeHHSA IIOBEPXHEBOro mapy 3paskis kpuili 20 i kpwui 40
IIPOBOJATEL AJIOMiHIOBOIO €JIeKTPOmOoI0 3a eHeprii pospany Wp=0,52—
6,8 [I:x i mpoayKTHUBHOCTH 3TigHO 3 Tadu. 2[1].

B pesynbTari mpoBemeHWX OOCIiAKeHDb BILIMBY IPOAYKTUBHOCTHU
nportiecy EIJI anromiHi#i0BOIO €JIEKTPOAOI0-IHCTPYMEHTOM Ha ITapaMeTpu
SAKOCTH IIOBEPXHEBUX INIAPiB AEeTaJiB 3 KPUIIl YIOCKOHAJIEHO TEXHOJIOTiI0
IXHLOT'O AJIIOMiHyBaHHs. BogHOpas BCTAHOBJIEHO:

y BapianTi 1 i3 3pocTanHaMm eHeprii pospany 3 0,52 mo 6,8 [I:x Ha mep-
oMy erari amomimyBanHsa Kpuili 20 i kpumi 40: ToBiuHA «06is0OT0»
miapy 306iJgbITyeThes, BigmoBiguo, 3 20 1o 75 i 3 25 mo 110 MKM, a TOB-
mrHa gudysiiiaoi 3o 3 35 1o 1201 3 40 go 140 MmKM; MiKpoTBEpPHiCTH
«bijoro mapy» apocrtae 3 2200 go 7400 i 3 2400 mo 7450 MIla; mepcT-
KicTh moBepxHi Ra 3pocrtae 31,1 10 9,0i3 1,0 mo 8,1 MmkM BigmoBigHO, a
cyminbHicTs 3pocTtae 3 80 o 100% , moumuaroun 3 Wp =4,6 I, i 3 60 10
100% sa Wp=6,8 II:x;

y BapiaHTi 2 i3 3pocTanHaM eHeprii pospany 3 0,52 mo 6,8 [[»x Ha mep-
oMy etami oopobaenns kpurtli 20 i kpui 40: ToBmiuHA «6iIoro» HMIapy
36inmbmryerbesa aada Kpuri 20 3 25 mo 60 mxm 3a Wp =4,6 [[»x, a motim He
3MiHIOEThCA, a Aaa Kpulli 40 — 3 30 7o 100 MKM; ToBIIMHA AUQPY3ifiHOI
30HH1 3MiHIOEThCA 3 45 10 130 BiAmOBiAHO; MiKPOTBEPAICTh «0iJOTO II1a-
py» 3pocrae 3 2250 go 73001 3 2450 go 7300 MIla; 1repcTKiCTL IOBEPX-
Hi Ra 3pocTtae 31,3 10 9,0i31,6 1o 8,1 MKM BigmoBigHO, a CYIiJIbHICTD,
gk pasa kpuii 20, rak i gasa xpuii 40, 3a Wp=0,52 [I:xx ckaagae 95% i
raui migsuiyerses 5o 100% .

TakuM YMHOM, 3MEHINEHHA NPOAYKTHUBHOCTU B APYyromMy BapidHTi
CIIpU A€ MOTiPIIIeHHIO TapaMeTPiB AKOCTU MOKPUTTIB.

3 MeTo0 3a0e3IIeUeHHsT BUCOKUX MapaMeTPiB SIKOCTH ITOKPUTTIB HAMU
3aIIPOIIOHOBAHO HOBY TEeXHOJIOTIIO aJIIOMiHYBaHHSA, AKA IOJIATAE y HACTYII-
"Homy. Ha npyromy erami ajoMiHyBaHHA Ha IIOBEPXHIO, IO 3a3HaJja
aJIIOMiHyBaHHS Ha mepIoMy eraii (000X BapifgHTIB), mepel MOgATBITNM
EIJI antomiHi#iOBOIO €JIEKTPOAOI0 HAHOCATH KOHCHCTEHTHY PEUYOBUHY,
sKa MICTUTB aJIOMiHifioBY myapy abo rpadiToBuii MOPOIIOK i aafoMiHi-
OBy yApYy, HicJd 40ro, He YeKalUl BUCUXaHHA KOHCHUCTEHTHOI pedyo-
BUHU, IPOBOJATH IIPOIlEC aJIOMiHYBaHHS 3a eHeprii pospany vy 0,52—
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2,6 I i mpogykTusHOcTu y 0,5—0,7 cM?/XB.; BOZHOUAC €HEPTiI0 PO3P-
Iy Ta MPOAYKTUBHICTH OOMPAIOTh TAKNMHU, 38 IKUX IIIEPCTKIiCTh ITOBEPX-
Hi BMeHIITyeThCA B = 3—4 pasu.
Ileit eTan MmosxHAa peaJiidyBaTu JBOMa BapigdHTaMu.

1-i BapigaT Apyroro eramy. Ha apyromy eramni Ha moBepXHIO, 1110 3a3Ha-
Jia aJIOMiHyBaHHSA Ha IIEPIIIOMY eTalli, ITic/isg HaHeCeHHI KOHCUCTEHTHOL
PeYoBUHU, AKa MICTUTH aJIOMiHiIOBY myApy IIpoBoauau nogaibiine EIJI
aJIIOMiHiI0OBOIO eJIeKTPOIoI0 3a eHeprii pospany y 0,52-2,6 Ik i mpo-
nyktuBHOCTH y 0,5—0,7 cM?/XB. fIK moKasaau momepenHi JOCTiAKeHHs
[6—8], amtomiHifioBa TyApa 3aIlOBHIOE BCi MiKPOHEPiBHOCTI IIEPCTKOCTH
TIOBEePXHi, AKY OYJIO OfepsKAaHO IIicad aloMiHyBaHHS HA IEPIIOMY eTa-
mi. Ha gpyromy eramni amominyBamusa mporec ELJI Big6yBaBca mMisk Top-
1IeBOIO TTOBEPXHEIO aJIOMiHI0BOI eIeKTPOAN-iHCTPYMEHTY (aHOI0I0) Ta
BHUCTYIIaMHU IIEePCTKOCTU MOBEPXHi, 3aIUIITEeHNMH ITiCJIA IEePIIOro eTamy
asroMiHyBaHHS (KaTOH0I0), a TAKOMK aJIIOMiHiZI0BOIO ITyIPOIO, IIT0 3HAXO-
Oujacs MisK UMM BHUCTyIaMu. BogHoUac BUCTYNH MIEPCTKOCTH aed)op-
MYBaJINCHA, POITOMJIAINCS PAa30M 3 aJJIOMiHiOBOIO IIyIPOIO0 Ta YaCTKOBO
po3TiKaJIMcs, 3aH0OBHIOIOYY 3allaJfHN, MiKPOIIOPU M iHIII HeZOCKOHA-
JIOCTi IIOBEPXHi, 1110 HigmarThca 00pobIeHHI0. B pesyabTaTi 11epeTKicTs
MOBEePXHi MOHMIKYETHCA.

2-ii BapigHT Apyroro eramy. Ha npyromy erari Ha TOBEPXHIO, 110 3a3HAaJIa
aJIfOMiHyBaHHSA Ha IIepIIIOMY eTalli, ITicjid HaHeceHHA KOHCUCTEHTHOI pe-
YOBUHU, AKA MICTUTh QJIIOMiHIHOBY IIyZpy Ta IIOPOIIOK IpadiTy, IpoBo-
auiu noxasbine EIJI amoMiHIIOBOIO €eIeKTPOI0I0 3a eHeprii po3pany v
0,52-2,6 I i npoagykrusaoctu y 0,5—0,7 cm?/xB. AoMiHiiioBa myzapa
Ta MOPOIIOK rpadiTy 3alloBHIOBAJIU BCi MiKPOHEPiBHOCTI IIIEPCTKOCTH TO-
BepXHi, AKY OyJIO 0JIep:KaHO IIicJIsg aTIoOMiHyBaHHA Ha mepiiomy etami. Ha
Ipyromy erami amioMinyBaHHA mporiec ELJI BimGyBaBcs MisK TOpPIIEBOIO
IIOBEPXHEI0 aJIIOMiHifTOBOI eJIeKTpOAU-iHCTPYMeHTy (aHOZO0I0) Ta BUCTY-
IaM¥u IMIEPCTKOCTH IIOBEPXHi, 3AJIMIIEHNMH IIiCJISA IIEPIIOro eTamy aJiio-
MiHyBaHHsA (KaTOmO0I0), a TAKOMK AJTIOMiHIOBOIO IIYyAPOI0 Ta HOPOIIKOM
rpagdiTy, IM0 SHAXOAWJINCS MijK IIMMM BHCTyIIaMu. BomHopas BHCTYIH
IIEPCTKOCTH Ae()OPMYBAJINCS, PO3TOILISJINCS PAa30oM i3 aJIOMiHiHOBOIO
IIyAPOIO TA YACTKOBO PO3TIKAJINCS, 3aIIOBHIOIOUY 3allafUHN, MiKPOIIOPH ¥
iHITI HeJOCKOHAJIOCTI IIOBEPXHi, IO aJIOMiHyIOTh. BogHOUAC IIIEePCTKiCTD
MOBEPXHI IIOHMKYEThCA. B pe3dyabTaTi KOHTaKTYBaHHS TOPILIO AJIFOMiHi-

TABJUIIA 1. 3anexkuicTs npoaykTuBHocTu ELJI Bix eHeprii pospany Ha apy-
roMy eTali aaoMiHyBaHHA.

TABLE 1. The dependence of the ESA productivity from the energy to the dis-
charge at the second stage of aluminizing.

Enepria pospany Wp, I 0,52 1,3 2,6
IIpopayxTuBHicTE, cM?/XB. 0,5-0,6 0,6-0,7 0,8-1,0
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MOBOI eJIEKTPOAM-IHCTPYMEHTY 3 MOPOMIKOM TIpadiTy B IOBEPXHEBOMY
Iapi migBUINYETHCI MiKPOTBEPAICTEL «0iJIOTO» IIIAPY, IO € Pe3yJIbTaTOM
IIPOIIECiB, OB’ A3aHUX 13 rapTiBHUMU IIpoIlecaMu Ta (a30yTBOPEHHAM.

B Ta6auii 1 mpegcraBiaeHO eHeprio Pos3pALy Ta IPOAYKTHUBHICTL Ha
IpyromMy eTarlli aJfoMiHyBaHHA.

2. PESYJBTATU JOC/IIJKEHD

Ha pucynky 1 mokasamo cTpyxTypu (a i 0) i posmomisi MikpoTBepaocTu

7000
. 3
=
= 5000
" 2
)
3000
1
100% 100 200 300 400 0 100 200 300 400
h, MKM h, MEM
8 2

Puc. 1. Ctpykrypu (a i 6) i posmozis MiKpOTBEpAOCTH B MOBEPXHEBOMY IIapi
kputi 20 (81 2) micaa ajdiTyBaHHS Ha IPYTroMYy €Talli 3 BUKOPUCTAaHHSAM KOHCHUC-
TEHTHOI PEeUOBUHY, IKA MiCTUTH aJIIOMiHifl0BY yapy (a, 6) i anoMiHiOBY IIy-
IPY Ta mopoIrok rpadiry (0, 2) 3a ajiiTyBaHHA Ha IEPIIIOMY eTalli i eHeprii pos-
pangy Wp=2,6,4,616,8 JI:x.

Fig. 1. Structures (a and 6) and the difference in microhardness in the surface
ball of steel 20 (8 and 2) after aluminizing at another stage from victorious
consistency speech, so, as to brush aluminium powder (a, 8) or aluminium
powder and graphite powder (6, 2) with aluminizing at the first stage and en-
ergy category Wp=2.6,4.6 and 6.8 J.
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(8, 2) B moBepxHeBOMY mm1api kputi 20 micia amoMiHyBaHHS HA IPYTrOMY
eTalri 3 BUKOPUCTAHHAM KOHCHUCTEHTHOI PEUOBUHU, AKA MICTHUTDL aJIIOMi-
HitioBY Iyapy (a, 8) i aJdroMiHifioBY IIyapy Ta mOPOIoK rpadiry (6, 2) 3a
eHepriu pospany Wp=2,6, 4,61 6,8 II:x.

EnexTpoicKkpoBe IOKPUTTS CKJIATAETHCA i3 30BHIIITHLOTO «0i0oT0» IMa-
Py, oudysifinoi 30HU I OCHOBM 3 (DEPUTO-IIEPJIITHOIO CTPYKTYPOIO KPUITi
20. drx mokasaaum mOCTimKeHHS, 3aCTOCOBYBAHHSA HOBOI TeXHOJIOTII
YMOJKJIMBIIIOE ONEPKATH MOKPUTTA i3 cyiiapHicTIo y 100% i TOBIIMHOIO
o 85 MKM. 3 BUKOPHCTAHHAM HOPOLIKY rpad)iTy Ha APYroMy eTalri ajio-

TABJHUIIA 2. fIkicui mapamMerpu ToBepXHEBUX MIapiB 3paskiB Kpuili 20 micas
EIJI anomiHifi0BOIO €1€KTPOI0I0 3 BUKOPUCTAHHAM KOHCHUCTEHTHOI PEeYOBUHU,
AKa MICTUTH aJOMiHiOBY nyApy (Iepiiuii BapifgHT) i amoMiHilioBy myapy Ta
MOpoIIoK rpadiTy (Apyruil BapisHT), 3a yMOB, KOJIM IIPOAYKTUBHICTHL OyJO
3MEHIIIeHO = B JIBa Pasu.

TABLE 2. Qualitative parameters of the surface layers of steel 20 samples af-
ter ESA with an aluminium electrode using a consistent substance that con-
tains aluminium powder (the first option) or aluminium powder and graphite
powder (the second option) under the conditions, when the performance was
reduced by = two times.

Maxkcumanb- .
TosiuHa, . IIepcTKicTs,
Ha MiKpOTBe-
MKM . MKM
paicts, MIla

Pesxum - - -
«biyo-|mepexi-| «6i- | mepe-

To» nHOi |aoro» |xigHoi| Ra | Rz | Rmax
mapy | S0HHW |IIapy| 30HU

IIpomyxTuB-

HicTb, cM%/XB

CyuiabHicTh

«bisoro» ma-
by, %

Kpunga 20 (mepmuit BapiaaT)
I.ELJIAl Wp=2,60 >k, 0,8
II. Haneceuns koucucteatHoi 0,5 o 65 o 65 ?+02%(; (iég(()))
peuoBunu, ELJTI Al Wp=0,52 IT:x - ~

LEIIAlWp=4,60x, 1,0

1,2 2,3 5,6 100

5350 2100

II. Hanecennsa koucucreataoi 0,6 o 75 o 80 1,7 2,8 6,9 100
peuoBunu, ELJT Al Wp=0,52 IT:x (320) (+200)

1. ETI Al Wp=6,8 IIx, 1,5
I1. Hamecenns xoncuerentaoi 0.8 Jlo85 Mo130 100 2450 o <69 94 100

peuoBunu, EIJI Al Wp=1,30 2% (320) (70)

Kpuma 20 (zpyruit BapisaT)
I.ELJIAl Wp=2,60 >k, 0,8 3050 2050

II. Haneceuns koucuctenTHoi 0,5 o 70 o 60

peuoBunu, ELJT Al Wp=0,52 IT:x (#20)  (£50)
1. ELJTAl Wp=4,60 II:x, 1,

II. Hanecenns KoucucTenTHol 0,

peuoBunu, ELJT Al Wp=0,52 IT:x
I.EIJIAl Wp=6,8 Ik, 1,5

I1. Hanecenns koucucrentuoi 0,8 o 75 Do 100

peuoBunu, EIJI Al Wp=1,3 II)x

1,3 2,3 5,3 100

g 5550 2100

o 75 o 80 (+20)  (+50) 1,7 2,7 6,2 100

7850 2250

(+20)  (+50) 2,7 6,7 9,1 100
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MiHyBaHHSA, OUeBUIHO, BimOyBaIOThCs IIPoIlec HacuYeHHA moBepxHi Ka-
pbOoHOM, i MiKpPOTBEPAiCTL TOBEPXHEBUX ITTaPiB i mudy3iiiHoi 30HU 3pocTae
(Tadu. 2).

B Tab6auili 2 3BeeHO pe3yabTaTH MOCJIiIMKEeHHA 3TiJHO 3 IepIInuM Ba-
pigaTom amominyBauuA Kpuili 20 (IpoAYKTUBHICTEL OYJIO 3MEHIIIEHO = B
IBa pasu) i3 BUKOPUCTAHHAM Ha IPYTrOMY eTalli KOHCHUCTEHTHOI peuoBH-
HU, AKa MiCTUTD aIIOMiHifOBY myaApy (IepIiinii BapiauT) i amdoMiniiioBy
Iyapy Ta IOpoIIoK rpadity (mpyruil BapidaHT), 3a eHeprii pospamy
Wp=2,6,4,6i6,8 [I)x Ha IepIIIoMy eTami Jier'yBaHHd.

TABJHUIIA 3. fAkicui mapamerpu MoBepxXHEBUX MIapiB 3paskiB Kputli 20 micas
EIJI anomiHifi0BOIO €1€KTPOI0I0 3 BUKOPUCTAHHAM KOHCHUCTEHTHOI PEeYOBUHU,
AKa MICTUTH aJOMiHiOBY nyApy (Iepiiuii BapifgHT) i amoMiHilioBy myapy Ta
MOpoIIoOK rpadiTy (Apyruili BapisHT), 3a yMOB, KOJIM IIPOAYKTUBHICTL OyJO
3MEHIIIeHO = B YOTHPU Pasu.

TABLE 3. Qualitative parameters of the surface layers of steel 20 samples af-
ter ESA with an aluminium electrode using a consistent substance containing
aluminium powder (the first option) and aluminium powder and graphite
powder (the second option) under conditions, where the performance was re-
duced by = four times.

Maxkcumanb- .
TosiuHa, . IIepcTKicTs,
Ha MiKpOTBe-
MKM . MKM
paicts, MIla

Pesxum - - -
«biyo-|mepexi-| «6i- | mepe-

To» nHOi |aoro» |xigHoi| Ra | Rz | Rmax
mapy | S0HHW |IIapy| 30HU

IIpomyxTuB-

HicTb, cM%/XB

CyuiabHicTh

«bisoro» ma-
by, %

Kpunga 20 (mepmruit BapiasaT)
I.ELJIAl Wp=2,60 >k, 0,4 3300 2150
II. Haneceuns koucucrenTHoi 0,2 o 55 o 55 (+ 20) (+200) 1,2 2,1 5,2 100
peuoBunu, ELJTI Al Wp=0,52 IT:x - -
1. EJI Al Wp=4,60 Ik, 0,5

5600 2400

II. Hanecennsa koucucreatoi 0,2 Mo 65 o 90 1,4 2,3 5,9 100
peuoBunu, ELJT Al Wp=0,52 IT:x (+50) (+100)

1. ETI Al Wp=6,8 IIx, 0,6
I1. Hamecenns xoncuerentsoi 0.3 Jlo 75 Mo130 000 2650 3 61 84 100

peuoBunu, EIJI Al Wp=1,30 2% (+20) (+70)

Kpuma 20 (zpyruit BapisaT)
I.ELJIAl Wp=2,60 >k, 0,4
II. Haneceuns koucuctenTHoi 0,2 o 65 o 60 3025 (g)) (iO5S (?)
peuoBunu, ELJT Al Wp=0,52 IT:x - -
1. EJI Al Wp=4,60 II)x, 0,5
II. Hanecennsa koucucreataoi 0,2 o 65 o 95 3_620(?) (f‘i(())(())) 1,3 2,2 5,7 100
peuoBunu, ELJT Al Wp=0,52 IT:x - -
I.EIJIAl Wp=6,8 Ik, 0,6
I1. Hanecenns koucucrentuoi 0,3 o 70 o 100
peuoBunu, EIJI Al Wp=1,3 II)x

1,3 2,3 5,3 100

7550 2650

(+20) (+50) 2,2 5,8 8,1 100
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B Trabsmuiii 3 3BeieHO pe3yabTaTH JOCTiIIKEeHHS 3a YMOB, KOJIM IPOAYK-
TUBHICTh OyJIO 3MEHIIIEHO = B UOTUPU Pas3Hu 3TigHO 3 IePIIINM i APYTHUM Ba-
pisHTaMU adoMmimyBaHHA Kpulli 20 3 BUKOPHUCTAHHAM HA IPYTOMY eTali
KOHCHCTEHTHOI PeUYOBUHU, KA MiCTUTh aIIOMiHiiTOBY ITyapy (IepIiruii Ba-
piaHT) i amoMiHifioBY myapy Ta mOpoIIoK rpadiTy (Ipyruii BapisaHT), 3a
ewmeprii pospany Wp = 2,6, 4,6 i 6,8 [I»x Ha mIepIItoMy eTarri Jier'yBaHHs.

3i 30ibINIeHHAM eHeprii po3psaay Ha IepIoMY eTali JIeT'yBaHHSA aJIio-

‘ 2,50
2,44

| 2,24
2,0 ‘ 1,98

g |
1,72
2,\1,6~
3 1,46
ST ’ I
1,24 - 1.20
0’4'“‘\_‘_1‘ /’6’; 0,8
e T
Loy L2059

Puc. 2. 3mina mapameTpiB IKOCTH: TOBIIUHU «0ijoro mapy» (a), MiKpoTBepI0-
ctu (0) i mepcTrocTH (8) moBepxHeBuX IapiB kpurti 20 micaa EIJI amominiiio-
BOIO €JIEKTPOJOI0 3 BUKOPHUCTAHHSAM KOHCHUCTEHTHOI DEYOBMHMU, AKA MIiCTUTH
amoMiHifioBy myapy (mepiinii BapisiHT) 3a YMOB, KOJIM HNPOAYKTHUBHICTE OyJja
3MeHINeHa = y IBa pasu, B 3aJIE}KHOCTI BijJf eHeprii po3paay i TpoAyKTUBHOCTHA
EIJI Ha nepmromy erarri.

Fig. 2. Change in quality parameters: the thickness of the ‘white layer’ (a),
microhardness (6) and roughness (8) of the surface layers of steel 20 after ESA
with an aluminium electrode using a consistent substance that contains alu-
minium powder (the first option) under conditions where productivity was
reduced = twice, depending on the energy of the discharge and the perfor-
mance of the ESA at the first stage.
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MiHiFIOBOIO €JIEKTPOOI0 CIIOCTEePiraeThCsA MiABUINEHHS MiKPOTBEPIOCTU
Ta TOBITUHU «0ijloro» miapy i audysiiinoi 3ouu. fIK i B monepegHLOMY Ba-
PidAHTI Jer'yBaHHSA 3a BUKOPUCTAaHHA KOHCHUCTEHTHOI PEUYOBUHMU, IO Mic-
TUTEL TpadiT, BigMivaeThCcsa He3HAUHE 301IBLIITeHHI MiKPOTBEPAOCTH.

Ha pucynkax 2, 3 mpeacTaBJIeHO 3aJeKHOCTI IapaMeTPiB AKOCTH II0-
BepxHeBuX miapiB xkpuri 20 miciasa aaroMiHyBaHHS IO HePIIOMY Ta APY-
roMy BapidgHTaX 3 BUKOPUCTAHHAM KOHCHCTEHTHOI PEUOBUHM, AKa Mic-

g
22,0 1,86
ﬂ? 1,58

1,30

Puc. 3. 3mina mapameTpiB IKOCTH: TOBIUHU «0ijoro mapy» (a), MiKpoTBepIo-
ctu (0) Ta mepcTrocTH (8) moBepxHeBux miapis kputi 20 micaa EILJI amomini-
0BOIO €JIEKTPOAO0I0 3 BUKOPUCTAHHAM KOHCUCTEHTHOI PEUOBUHU, AKA MiCTUTH
aMIOMiHifIOBY IIyJIpy Ta IMOPOIIOK rpadiry (apyruii BapisHT), 3a yMOB, KOJH
MIPOAYKTUBHICTE OYyJIO 3MEHIIIEHO = V JBa pasu, B 3aJeKHOCTi BiJ eHeprii pos-
pany Ta npoayktuBHOocTu EIJI Ha mepIiromy erarri.

Fig. 3. Change in quality parameters: thickness of the ‘white layer’ (a), mi-
crohardness (6) and roughness (8) of the surface layers of steel 20 after ESA
with an aluminium electrode using a consistent substance containing alumin-
ium powder and graphite powder (second option) according to conditions,
when the performance was reduced by = two times, depending on the dis-
charge energy and the performance of the ESA at the first stage.
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TUTH AJNIOMiHiOBY myapy (puc. 2) i anoMiHiZIOBY OyApY Ta IIOPOIIOK
rpadity (puc. 3) BizmoBigHO 10 Tabyi. 2 3a YMOB, KOJU MIPOAYKTUBHICTD
0yJI0 3MEHIIIeHO = y 1Ba PasMu.

Amnagiza pucyHkiB 1-3 i Tabaus 2 i 3 moxasaJia, 1Mo IicJasa BUKOPIC-
TaHHA IPYTOTo eTaly ajJloMiHyBaHHSA, IPUUYOMY, AK MiCJIsS IIEPIITOTO Ba-
pigHTY (3MeHINTeHHI MPOAYKTUBHOCTH B 2 pasu), TaK i IIicjas Apyroro
(BMeHIIIeHHI MPOAYKTUBHOCTY B 4 pasm), 3SMEHIITYETLCS IIIEPCTKICTD IT0-
BEPXHEBOTO ITapy, 3 BUKOPUCTAHHAM KOHCHCTEHTHOI PEUYOBWHU, SIKa
MiCTUTB aJIOMiHIHIOBY IyAPY Ta IOPOIIOK rpadiTy B OiJIBIIIOMY CTYIIEH].

3 BUKOPHUCTAHHAM KOHCHCTEHTHOI PEeUOBMHHU, AKA MiCTHUTEL aJIIOMiHi-
OBy TyApPY, HE3HAUHO 30iJbITyeThCA TOBIMUHA «0ijloTo ITapy» i fioro
MiKpOTBEPAiCTh, a 3 JoJlaBaHHAM B aJIIOMiHiNOBY IIyJpy MOPOIIKY I'pa-
dity ToBuTMHA 6ijloro HIapy MailKe He 3MiHIOETLCS, ajie MiKpOTBep-
IicThb, AK B «OioMy mIapi», Tak i B mepexigHin 3oui, 36iabmyerses. Cy-
IILILHiCTE 3a 000X BapigHTax apyroro eramy ckiaazgae 100% .

3. BUCHOBREH

1. B pesyabTaTi IpoBeIeHUX OOCIHiAKEHb BIJIUBY IIPOAYKTHUBHOCTHU
nportiecy EIJI anromiHi#i0BOIO €JIEKTPOAOI0-IHCTPYMEHTOM Ha ITapaMeTpu
AKOCTH IIOBEPXHEBUX INAPiB AeTaJiB 3 KPUIl YIOCKOHAJIEHO TeXHOJIOTiI0
aJIIOMiHyBaHHA.

2. 3a amoMiHyBaHHA y OBa eTamu AJd 000X BapiAHTIB i3 BUKOpPHCTAH-
HAM KOHCIHCTEHTHOI PEUOBMHM, AKa MICTHUTHL aJIOMiHiIOBY myapy abo
aJMIOMiHiIOBY myapy Ta HMOPOIIOK rpadiTy, 306iJbITyeThCA MiKpPOTBED-
IicThb «Oisoro mapy» Ta nudysiiiHoi 30HU (B OiMbIITOMY CTyHIeHi 3a Had-
BHOCTH B KOHCHCTEHTHiH peduoBUMHiI rpadiry), IIepcTKicTh IIOBEpXHi
3MEHIIIYEThCA, a CYILIbHICTh NOKpUTT cKIazae 100% .

3. o mpaKTuuHOI peasizaiii peKOMeHAYEThCA IIPOBOAUTHU IIPOIEC AJTIO-
MiHyBaHHA 1o nepitomy BapidaaTy: I erar — EIJI anrominiioBoro ejreKT-
poxoro 3a eueprii pos3pany Wp =4,6—-6,8 [I:x, Il eran — HaHeceHHsS KOH-
CHUCTEHTHOI PEUYOBUHM, KA MICTUTh AJIOMiHIiOBY ITyAPY Ta IOPOIIOK
rpadity; EIJI BuKoHyBaT! 3a yMOB, KOJIY IIPOAYKTUBHICTL Oyae 3MeH-
IITeHOo = y ABa pasu.
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Y poboTi mocmimixeHo MiKpogeroBauuii BUCOKOMIITHIIT aBigIiliHUII CTOII CHCTe-
mu Al-Si—Cu, omep:kaHU 3 BUKOPUCTAHHAM JOJATKOBOTO THUCKY Ha PO3TOI IIif
yac Kpucrtaaisaifii. PO3BMHYTO TeXHOJIOTiI0 TA KOHCTPYKTHUBHI 0COBIMBOCTI Ja-
MiHapHOTO 3aIIOBHEHHS (DOPMHU PO3TOIOM 3 METOIO MiHiMizarril (jopMyBaHHS TEX-
HOJOTiYHUX AedeKTiB uTTda. [ocmigiKeHO 0COBIMBOCTI CTPYKTYPU i1 YMOBU KPH-
crasigarnii jguBapHoro cromy AK9M2. BusnaueHo piBeHb (Di3MKO-MeXaHIiUHUX
BJIACTUBOCTe CTOIy Ta MexaHi3M iforo pyiinyBaHHA. IIpoananizoBaHo Ta Bu3HA-
YeHO MeXaHi3MU IIepeHeCeHHs TeIlja, IO CBiAYaTh PO IePCIeKTUBHICTh BUKO-
PHCTaHHS CTOIIY K MATepifJy AJA BUPIIIEHHS 3aad TeILIOOOMiHy.

Karouosi croBa: anoMiHifioBi JuBapHi cTOomM, TepMiuyHEe HATOPOIIEHHS, OCT-
piBIleBi mIiBKM, po3MipHi e)eKTH, MeXaHIUHi BJIaCTUBOCTi, TBepAHEHHA, AUd-
paxKToMeTpis, eJIeKTPOHHA MiKPOCKOMifA, ONTUYHA CHEKTPOCKOMis.

The microalloyed high-strength aviation alloy of the Al-Si—Cu system ob-
tained using additional pressure on the melt during crystallization is studied
in the work. The technology and design features of laminar filling of the
mould are developed in order to minimize the formation of technological cast-
ing defects. The peculiarities of the structure and crystallization conditions
of the AK9M2 alloy are studied. The level of physical-mechanical properties
of obtained alloy and its fracture behaviour are determined. Mechanisms of
heat transfer are analysed and determined, which allow the promising use of
obtained alloys as a material for heat-exchange applications.

Key words: aluminium foundry alloys, thermal sputtering, island films, size
effects, mechanical properties, hardening, diffractometry, electron micros-
copy, optical spectroscopy.

(Ompumano 5 6epesns 2024 p.; ocmamoyn. apianm — 15 6epesns 2024 p. )

1. BCTYII

CyuacHa TexXHiKa BUCYBA€ BHUCOKi BUMOTHY 0 KOMIIJIEKCY BJIaCTHUBOCTEI
MaTepiaxiB mig yuac BUpoOOHUIITBA IX Ta eKcmayaraiii. AKTyaJbHUM 3a-
BIaHHAM (PiBMYHOTO MAaTEPisO3HABCTBA € IIOJAJIbINIE BIOCKOHAJIEHHS
B)Ke HAABHUX i po3po0Ka HOBUX aJNIOMiHiMOBUX CTOMiB AJA Pi3HMUX ra-
Jysen MamunHoOynyBauusa. Ciaim 3a3HAUUTH, 110 JO BUCOKOMIITHUX Bij-
HOCATH aJIFOMiHiMOBi cTONIM, AKi MalOTh I'PAHUITIO MIiITHOCTHU 324 PO3TATY-
BaHHA 6inbire 300 MIIa [1]. BaxauBuM HAIpPAMOM € PO3POOKA aJIfOMi-
Hil0BUX CTOIIiB, AKi gedopmyroThes, cuctremu Al-Si—Cu. TedopmoBani
TepMiuHO 3MiIHIOBaHI anxoMiHioBi cronm cucremm Al-Si—Cu sHaxo-
IATH IMPOKE 3aCTOCYBAHHSA B aBidgIifHOMY Ta KOCMiuHOMY OyIyBaHHi.
InTepec 10 TaKkMX CTOIIB BUKJINKAHO BIAJUM IIOEJHAHHAM IXHIX Xapak-
TEePUCTUK: HU3HKOI BapPTiCTIO IMOPIiBHAHO 3 iHIIUMU CUCTEMaMHU TepPMi-
YHO 3MiIIHIOBAHMX AJIOMiHiMOBMX CTONiB, BiJJHOCHO BHMCOKOIO TE€XHOJIO-
rivyHOI0 ILTACTUYHICTIO, KOPO3illHOIO CTiliKicTIO, 3BapIlOBaHiCTIO, a Ta-
KOK HeBeJMKOIO I'yCTHHOI. KpiM Toro, 3MiHa XxeMiuHOTO CKJIAaLy Ta pe-
JKUMiB TepMiuHOro 00po6JIeHHS AAI0Th 3MOTY IITMPOKO BapiloBaTu CHiB-
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BiTHOIIIEHHSA MiK XapaKTepPUCTUKAMU MIiI[HOCTH Ta IJIACTUYHOCTU I[UX
cromiB [1-7]. Bimzomo, 1110 rporecu Mmoau(iKyBaHHA He 3MiHIOIOTEH XeMi-
YHUH CKJIa[ CTOIY, a CIIPUAIOTDL 3MiHi BeJUYuHU Ta (HOPMU CTPYKTYP-
HUX CKJamoBUX [8, 9].

IcToTHUM HeZOMiKOM OiJBIITOCTH CTOIIIB AJIOMiHiIO € HU3LKI JuBapHi
BJIACTHBOCTI, IO 3aBayKa€ OJepKyBaTU BUPOOM CKJIAAHOI (popMI MeTO-
JOM JUTTs. BHCOKi JMBapHi BJaCTHUBOCTI MalOTh CTOIIM Ha OCHOBi cuc-
remu Al-Si—Cu [10]; ogHak HaBiTh y HAMOiJLII BUCOKOMIITHOI'O CTOIY
miei rpynu AK8M3u (BAJI8) mesxka mimHOCTH 6, < 350 MIla, 110 He Bin-
moBimae cydacHuUM BuUMoraM. ToMy aKTyaJbHUMU € HOCJiIMKeHHS, AKi
CTOCYIOTLCS PO3PO0JIEHHA HOBUX 0AaraTOKOMIIOHEHTHHUX JUBAPHUX CTO-
IiB aJIOMiHiIO i3 BHAJINM HOETHAHHAM MeXaHIiUYHUX 1 JUBAPHUX BJIACTHU-
BocTeii. Taki cTonu MarOTh 3aI0BOJILHATH HUSIL1 KPUTEPiiB: MaTu JocTa-
THIO KiJIbKiCTh €BTEKTUKU CHPUATINBOI MopQoJIorii, sKa (POPMYEThCS
OesmocepeIHbO IIicJasa KpHCTAIidallii 4 TepMiuHOro oOpoOeHHs, MiHi-
MaJIbHUH e(PeKTUBHUN iHTepBaJl KpUCTAIisaIlii 1aa JoCATHEeHHS JOCTaT-
HbO BHMCOKOI'O PiBHS JMBApPHUX BJacTHUBOCTell, a Al-marpumsa mae 0yTu
JleroBaHA TaKMUM UHMHOM, 11100 3a0e3IIeunTy HeoOXiJHni piBeHbh MexaHiu-
Hux BiaactuBoctei [10]. Ciain sayBaskuTH, 1110 IPUCYTHICTE Oiabine 30%
€BTEKTHUYHOI CKJIaJIOBOI B CTPYKTYpPi CTOIiB Mae BUpilllajbHe 3HAUEHHS
IJs1 3a0e3IeUeHHsI BUCOKUX TeXHOJOriuHux Baactusocreii. Tomy, Ak 0a-
30Bi /I HACTYIIHOI'O JIeT'YBaHHA, He0OXiTHO 00MpaTH CTONU 3 ONTHUMAJIb-
HUM CIIiBBiJHOMIEHHAM MiITHiCTh/IIJIACTUYHICTD 1 TOCTATHIM BMiCTOM €B-
rekTuku [11]. HegocraTHii piBeHb TMBAPHUX BJIACTUBOCTEN CTONY MOKE
OyTH KOMIIEHCOBAHMU IILJIAXOM OITHUMIi3allil TeXHOJOTiYHOI'o MIpoIlecy
JIUTTS, 30KpeMa IPUKJIASAHHIM THCKY Ha PO3TOII.

MeToio poboTu 0yJI0 HOCIiAKeHHa (Da30BOT0 CKJIANY, MiKPOCTPYKTY-
pu Ta (isMKO-MeXaHIUYHMX BJACTHUBOCTEH MiKpOJIeTOBAHOrO CTONIY Ha
ocuoBi Al-Si—Cu, omep:xaHOro 3a yMOB IIPHUKJIAJAHHSA HAAJIUIIKOBOIO
THCKY B IIpoIleci KpucTaJsrisairii.

2. MATEPIAJIA TA METOAHU EKCIIEPUMEHTY

OnTumaJabHUNA BUOip TeXHOJOTiUHNX IIapaMeTpPiB TOILIEHHSA Ta IIiATO0TO-
BKH PO3TOIY A0 JIUTTA Ma€ BUPIiITaJbHIAH BIJIUB Ha KiJIBKiCTh T€XHOJO-
riuamx nedeKTiB y BUJIMBKY Ta Ha CTPYKTYPY ¥ MeXaHiuHi BJIacTUBOCTI
OJIepP;KaHOT0 BMJIMBKA. JIKIMO BHJIMBOK MAae€ aBidmiliHe mpu3HadYeHHHA,
BiH Mae BigmoBimaTy HaWBUINUM TaJly3€BUM CTaHIAapTaM IIOJ0 BiACyT-
HOCTY TE€XHOJOTiUHUX AedeKTiB IUTTA Ta PiBHA MeXaHiUHUX BJIACTUBO-
creii. [lyia BUTOTOBJIEHHA BUJIMBKA OyJI0 00paHO aJIOMiHiOBUII CTOI
AK9M2 (AlSigCus), sKuii moeTHy€e BHCOKI MexXaHiuHi XapaKTepPUCTUKHI
Ta NPUUHATHI JUBapHi BJaacTUBOCTHU. [JIA IPUTOTYyBaHHA CTONY BUKO-
PUCTOBYBaJI HACTYITHI BUX1IHI IMMXTOBI MaTepidmn:

— YHCTUM aJdoMiHi# MmapKu A7,

— giratypy AlSi (25% Si);
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—uncTy Migb Mapku M1;
— giratypy AlTiB.

Bukopucranua BUCOKOAKICHUX MINXTOBUX MAaTEPiAIiB YMOMKJINBIIOE
oJlep:KaTy CTOH 3 HU3BKMM BMiCTOM INMKiZJIMBUX AOMIIIIOK, Hmepeaycim
Depymy. TomeHHS IMIUXTOBUX MATEPifAJIiB IPOBOAUIN Y KepaMiuHOMY
turai mapku BU 50 Stabil (Noltina/Morgam, Germany) micTKicTio y
50 Kr 3a amoMiHieM. ¥ poboTi 0yJI0 BUKOPUCTAHO MiU €JIeKTPOOIOpPY,
10 JaJI0 3MOT'y TOUHO HiITPpUMyBaTHU 3a/laHy TeMIepaTypy Ha BCix era-
max TOILJIEHHSA Ta TeXHOJIOTiUYHOTro 06pOo0JIeHHSA PO3TOIY Hepen JIUTTIM.
Ile ymosknBMIIO OfEpKATH MiHiMaIbHE Ta30HACUUYEHHS PO3TOILY.

HocmimxenHs aTroMapHO-KpucTtaaiunoi crpykrypu Al-Si—Cu-crormis
3IificCHeHO MEeTONO0I0 PeHTIeHiBCchbKOol qudpakToMeTpii [12] Ha peHTI'eHiB-
coromy audpaxromerpi Ultima-IV Bupobuuiitea Rigaku (Amonis) B Ha-
mioHaJabHOMY TexHiuHOMy yHiBepcureTi YKpainu «KIII imeni Iropa Ci-
KOPCBKOTr'0». 3HOMKY IOJiKPUCTATIYHOTO MaTepiAIy IPOBOAUIN B Iapa-
JIeIbHOMY IIYyYKY MOHOXPOMATHUYHOrO (XapaKTEePUCTUYHOI'0) BUIIPOMi-
HeHHs 3 MifgHOI anoau (noB:xuHa xBuii Aaa CuK, =1,54051 A). Tudpa-
roBaHe BUIIpoMiHeHHA peecTpyBasioca Ha IIK. InerTudikarmiio mikiB Ha
audpaxkTorpaMax IPOBOAUIN 34 JOIIOMOIOI0 IPOTrPAMHOI0 KOMILIEKCY
ICDD PDF-2 ta PDF-4.

dDizuKo-MexaHiuHi BJIACTUBOCTI CTOIIiB Ha PO3TAr 3iliICHIOBAJIMU Ha
yuiBepcanabHi#t MamuHi YTM-100 3 aBTOMATUYHUM 3aIIUCOM HisIrpaMu
HABaHTAXKEHH 34 IMIBUAKOCTU po3TAry y 1073 Mmm-¢™!, BUKOpHCTOBYIOUN
MIWIIHAPUYHI 3pas3Kku, AigmMeTep po00Uoi YaCTUHU AKUX CKJIaAaB 3 MM, a
po6oua moB:xkuHa — 38 MM. MexauiuHi BUIpoOyBanHusa 3pa3KiB JieroBa-
HUX CTOIIiB IIPOBOAMIN 3a KiMHATHOI TeMIIepaTypu. 3a pe3yabTaTaMK
BUNpoOyBaHb BU3HAYAIY I'PAHUIIL IIJIUHHOCTH Goz TA MiITHOCTHU Gp, PiB-
HOMipHE ITOJOBKEHHS Opisy 1 BITHOCHE 3By KEHHA .

HocmigxeHHA CTPYKTYPHU Ta XapaKTep py#HYBaHHSA CTOIIIB IIPOBOAU-
JI1 MeTomaMu MiKpockomiii: cBiTioBoi (AM-Scope FMAO050) Ta ckany-
BasbuOl (CEM JSM-6490LV, JEOL (fAmouis), ocHallleHniT IPUCTABKOIO
ST eHeproucHepciiinol mikpoawmassiau). s o6pobIeHHSA aHUX i Ki-
JbKicHOI MiKpoaHaJ idm BMKOPHCTOBYBAJIM MIpoTrpaMHe 3abesleueHHS
INCA Energy sa cxemoro Kopekrii marpuunux edextis XPP. Taxwuit
migxinx zHa ocHoBi MmeTomu PhiRho-Z 3abesmeuye BUCOKY TOUHiCTL 00pa-
XYHKY Ta TOUHY aHaJIi3y eJIEMEeHTiB y MaTpHIli 3pasKa.

BuwmipioBaumusa Ha TBepmicTh 3a Poxsemnom (HRC) axioMmiHifioBOTO
cTOomy MpoOBOAWIM 3a cTaHmapTHol Meromaukoio (ICTY ISO 6508-
1:2013) 3 momaabIIuM IIepepaxyHKOM 3a BpinenneBoio mikasoo (HB).
Hasaunraxxkenua — 980 H, immenTop — KpuiieBa 3arapToBaHa KyJbKa
mismerpomy 1,58 MM, TpuBasIicTs BUTPUMKHU cKaagana 10—15 c.

Onsa BusHaueHHs Temiodisuunaux mapamerpiB Al-Si—Cu-cromy 0yB
BUKOPUCTAHNI HePYHHIBHINI 0e3KOHTAKTHUH iMIYIbCHUN METOJ BUMi-
proBamua TemmneparypomnpoBigaoctu (IMBT), po3pobaennuit y Texmiuno-
my uentpi HAH VYkpainu [13]. B IMBT nepenns moBepxHA 3pasKa
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PyES
LED PA
b -
i
PS AD-DA
H+6 B; £15 B

Puc. 1. Biok-cxema BuMmiproBaabuoro creuay [13]: LED-cBitaomioga GREE-
XML, S — 3spasok, PyEs — mipomasau IRA-E700ST0, PA — mocunmosau,
AD-DA — 6sox AITTI-ITAII, PS— 60K KVBJIEeHHA.

Fig. 1. Block diagram of the measuring stand [13]: GREE-XML LED, S—sample,
PyEs—pyrosensor IRA-E700ST0, PA—amplifier, AD-DA—ADC-DAC block,
PSis a power supply unit.

OIIPOMiHIOETBCS iMITYJIBCOM CBiTJIa BUAMMOTO HifIIa30HY TPUBAJIICTIO Y
100 mc («mmepBUHHMIT» TOTiK BUTPOMiHEeHHA). ONTUYHO MOTJIMHYTA Yac-
TUHA IIbOTO «IIEPBUHHOTO» IIOTOKY IE€PETBOPIOETHCA Ha TEIJIOBY €Hep-
riro, AKa BUKJIUKAE HiBUIIIEHHA TeMIIePaTypH, 110 A€ IIOYATOK IIOIIH-
PEHHIO TeMIIepaTypPHUX XBUJIb y 3pa3Ky. IleBHa yacTuHA TEIJIOBOTO II0-
TOKY, He PO3CiI0I0UYNCh, BUKJIUKAE IIiABUINEHHSA TEMIIepaTypHu Ha IIPO-
TUJIEKHill TOBEepPXHi 3pasKa, Jie IepeTBOPIOETHCA HA «BTOPUHHUMN» TIOTIiK
indpauepBouoro (I9) Bumpominennsa. Ileit «BTopumHMI» morik [Y-
BUIIPOMiHEHHS, AKUU 3aTPUMYETHCA BiTHOCHO MAJHOTO «IIEPBUHHOTO»
yepesd CKiHUeHHY HMIBUAKICTEL Impoliecy aAu@ysii Temaa, KOHTPOJIIOETHCS
I9-gerexTopom [13] (puc. 1).

2.1. Oco6IMBOCTi TEXHOJIOTII TOILIEHHA TA IiATOTOBKH PO3TOILY 0 JIUTTA

OcHOBHIi erTamy TeXHOJOTiYHOTO OOPOOJIEHHS PO3TOIY IIepel JUTTIM
CKJIamasaucs 3 pa)iHyBaHHSA, Aerasallii po3ToIly Ta BBeJeHHHA JiraTypu.
PaginyBanua posromny 37ificHIOBaIN 3a TOIIOMOT'0I0 BBEJeHHA B PO3TOI
CIIEITi AJILHOTO MOKPUBAJIbHO-padiHyBaJIBHOTO I'PAHYJILOBAHOr0 ()JIIOCY HA
OCHOBI XJIOpHUIiB, KapOoHATIiB i propuais. Byo BukopucTamo (Jroc Mmap-
ku Elimoxal NF80/GF (Aluminium Martigny France, ®@paHiiist) B 3ara-
JbHiN KigbKocTi y 0,2% Bixg Macu IMIUXTOBUX MaTepidliB. PJioc BBOSUIT
JIBOMA eTaaMu AJIs MaKCUMaJbHOI e)eKTUBHOCTH padiHyBaHHSA PO3TO-
ny. Ha nepimromy erari (iroc BBOAWIN Pa30M i3 MIMXTOBUMU MaTepisia-
MU Ha A3eprajo poarony. Ha mpyromy erami Imicasd po3TOmJeHHS BCixX
MIMXTOBUX MaTePisaaiB ()JII0C BBOAUJIN il A3€PKAJIO PO3TOIIY 3a JOIIOMO-
TOI0 CIIEIisATHHOIO iIHCTPYMEHTY — 3aHYPIOBAHOIO «A3BiHOuKa». TpuBa-
JicTh padinyBanHA cKIamanga 2—3 X BUJTUHU.
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Herasaitirzo po3Tony I 3MEHIIIeHHS BMiCTY PO3UMHEHOT'O B aJIIOMi-
Hifl0OBOMY PO3TOIIi BOAHIO MPOBOAUIYN BBEIeHHAM CIIEIifAJIbLHOrO TabJe-
ToBauoro ¢guaocy mapku Desydral N71P (Aluminium Martigny France,
®panrtia) B kiabrocti y 0,1% Big macu poatomy. TabseTopanuit droc
BBOJWJIN B PO3TOII 3a OIIOMOT'0I0 3aHYPIOBAHOTO «I3BiHOUKA». 3a XeMi-
YHOIO PeaxIlicio BUAiIABCS UNCTUH a30T i BigOyBaBscs mpoiiec 6apooTairii
poatony. TpuBasicTs gerasairii ckaagaia 3 XBUJINHA.

Beegenns siraTypu IpoBOAMIN 3 METOIO IOAPiOHEHHS 3epeH MaTepi-
ANy BUJIUBKA NIJIA TOMOTEHi3allii CTPYKTypH Ta IIiABUINEHHA MeXaHid-
HUX XapaKTepUCTUK. Y TelepilrHiil uac ogHuM i3 HaiOiabIln e)eKTHB-
HUX CIIOCO0iB 3MEHIIIeHHS PO3Mipy 3epeH € BBeIeHHA B PO3TOI JiraTtypu
AlTiB (5% Ti, 1% B, pemira — Autominiit). BukopucroByBaju girarypy
AlTiB (KBM Master Alloys B.V., Higepaauau) y GopMi cTpUKHIB Iisd-
metpoMm y 9,5 MM y KinbKkocTi 0,1% Big macu posTony. @opMyBaHHS JO-
IaTKOBUX IeHTPiB KpucTasisalii B posTomi BizbyBasoca B:Ke Ha APY-
I'y XBUJIMHY ITiCJIA BBEeIEHHSA JiraTypu.

Iliciist mpoBemeHHS BCiX BUINe3a3HAYEHNX TeXHOJIOTIYHUX OIleparrii i
BUTAJIEHHS IIJIaKy 3 TOBEePXHi po3Tony BigOyBaBcsa mpoiiec auTTA. [as
IILOTO BUKOPHUCTOBYBaiu MeTajdeBy ¢opmy (Kokims) Vernifond
(Fondermat, ITanisa), IOKPpUTY aHTUIIPUTAPDHUM IIOKPUTTIM.

Ilixg vac mpoexTyBanHA (hopMu Ta BiAmIpalfoBaHHSA TeXHOJOTII tuTTA
OyJ10 BUPIiIIIeHO IBi OCHOBHI 3amaui:

— CTBOPUTH YMOBH JJIA JJaMiHAPHOT'O 3alI0OBHEHHA ()OPMHU PO3TOIIOM;
— CTBOPUTH THCK Ha PO3TOI B IPOIleCi TBepAiHHA.

TexHOJONIYHNME Ta KOHCTPYKIIHHUME 3acodaMu OyJio peaJizoBaHoO
JaMiHapHe 3aloBHEHHs (OpMU PO3TOIOM, 11100 3aImmodirTu (opMyBaHHIO
TeXHOJOriuHuX medeKTiB aurTtdA (puc. 2). [aa peasnisaiii JamizapHOro
3alIOBHEHHA (POPMU PO3TOIOM BUKOPHCTOBYBAJIN KOKIJIbHY HAXWJILHY
mamuay. TexHosoria Haxuay popmu (Kokiao) Ha KyT y 45-90 rpagycis
mepe 3aJIMBaHHAM i ITOTiM IToBepTaHHA (GOPMHU Yy BUXiAHY ITO3UITiIO i3 3a-
IaHOIO CTAJIOIO IITBUAKOCTH YMOMKJIUBJIIIOE JOMOITHCS JIaMiHAPHOTO 3aII0-
BHeHHS (hopMHU pos3TomoM. BubpaHa TeXHOJOriA JUTTA MOPAL 3 JUTBOM
Oig HU3bKUM THCKOM A€ 3MOTY OflepsKaTy BUJINBKY 3 MiHiMaJIbHUMH Te-
XHOJIOTIYHUME Ae(eKTaMi Ta BUCOKOIO Ias3oIiIbHICTIO Olep:KaHUX BHU-
auBKiB [14]. Tuck Ha posTom ckJaazaB 6,726 IIa (= 0,07 atm.), 110 mig-
TPUMYBAJIX IOCTIiHHUM yIIPOJOBK BChOI'0 UaCy TBEPAiHHA BUJINBKA. Bek-
TOp HPUKJIASAHHS TUCKY 30iraBcs 3 I[eHTPAJIbHOIO BicCIO CMeTpii BUJIN-
BKa. TexHoJoriuHi yMOBHM OyJIM MOAiOHI 4O JIUTTS 34 JOIOMOTOI0 MAIIIWH
JITTHT (s1uTTa mig HU3bKUM TUCKOM). ¥ Pe3yJIbTaTi 3aCTOCYBaHHSA BUIITE-
s3asHaueHol TexHoJorili Jaurta (pospobdaenoi SA-Foundry sp.z.o.o.,
ITonbia it Aerolux, YKpaiza) 0yJI0 ofiepKaHO BUJINBOK 3 BUCOKMMMU €KC-
IJIyaTanifHuMU XapaKTepUCTUKaMU Ta MiHIMaJIbHOIO KiJIbKiCTIO TEXHO-
JoriuHMX nedeKTiB, He3BaKalOUYM Ha iCTOTHY TOBIIIUHY BUJINBKA.

ITicas omep:KaHHA BUJIMBKA 3 ABOX MOro pisHMX yacTHUH OyJIO BUpisa-
HO cepii 3paskiB AJ1a BU3HAUEHHA IXHiX 0COGJIMBOCTEM CTPYKTYpPHU Ta (i-
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Puc. 2. KoOHCTPYKIIHHNI BUTJIAL JeTaJII0 «CTYIUIA», 1[0 OJePKaHuil 3a JIaMi-
HapHUM 3aIIOBHEHHAM ()OPMU PO3TOIOM: OJep:KaHUI 3 BUJMBKA B KOMILIEKTi
IS 3aCTOCYBAHHSA B JIETKOMOTOPHUX JiTaKax (a), AJs 6e3IiJoTHOTrO JiTaJabHO-
ro anapary (BuJIA) (6), micaa TepmiuHoro Ta MexaHiuHOTO 00pO0IEHE (8); 1, 2
— 30HU, 3 AKUX BUPisaau 3pas3ku cepii 1i 2.

Fig. 2. Constructional view of the ‘hub’ detail obtained by laminar filling of
the mould with melt: obtained from a casting in a set for use in light-motor
aircraft (a), for pilotless airborne vehicle (PAV) (6), after thermal and me-
chanical processings (8); 1, 2—zones, from which samples of series 1 and 2 are
cut.

3UKO-MeXaHiuYHuX BJIACTUBOCTEH. 3pas3ku cepii 1 Oyao BupisaHo MakK-
CUMAaJIbHO OJM3BKO MO BEKTOpa MPUKJIANAHHSA IOJZATKOBOrO THCKY Ha
poaTom; 3pas3Ku cepii 2 6yJI0 BUPi3aHo Ha MaKCUMAaJIbHO MOMKJINBil Bif-
IaJii Bim BeKTOpa MpUKJIAZAHHA THUCKY (puc. 2, 8). Takum unHOM, 6yJI0
o0pano cepii 3paskiB, 110 XapaKTepusyIOTh CTPYKTYPHI 0co0/IMBOCTi Ta
MeXaHiuHi BJIACTHBOCTI Pi3HOBiAaIeHMX Bii BEeKTOpa HPHKJAJIAHHSI
TUCKY YaCTUH BUJIUBKA.

XeMiyHY aHAJIi3y CTOIIB IIPOBOAUJIYU 3a JOIIOMOI'OI0 PEHTI'eHOMJII00-
peciieHTHOI aHaJdisu Ha npuiagi Expert 3L, uum OyJio migTBepasKeHoO,
II10 CTOIIM HaJiesKaTh 1o Mapku AK9IM2 (Tab. 1).

3. PE3YJIBTATH JOCHIIKEHHA TA OBTOBOPEHHS IX

¥V nTux cromax JOeBTeKTHUYHOrO THUIY, KpiMm eBTeKTuKU (Al+ Si), npu-

TABJINIIA 1. Xemiunuii ckaajg 3paskis (mac.%).
TABLE 1. Chemical composition of samples (wt.%).

Cron | AL% | Si,% | Cu,% | Mg, % | Fe,% | TiL,% | Zn,%
Cepinl ocmosa 11,395 1,317 0,967 0,193 0,191 0,274
Cepin2 ocmosa 11,611 1,481 0,838 0,231 0,096 0,242
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CYTHIi IepBUHHI IeHIPUTH O,-TBEPAOT0 PO3UMHY HA OCHOBIi ayoMiHio (o-
Al) (puc. 3, a, 6). 3 migBumenasam KouienTpanii Cuiimiro cmocrepira-
€ThbCA 30iJbIIIeHHA YACTKU €BTEKTHUKH. Y CTPYKTYPi 3aeBTEKTHUUYHOT'O
CUJIYMiHY 3’ SIBJIAIOTHCS KPUCTAJIN IIEPBUHHOrO KpeMHiio (Si) if eBTek-
tuka (Al + Si).

Puc. 3. PEM-3o0paskeHHsI MiKPOCTPYKTYPH AoeBTeKTUUHOro crorny Al-S—Cu sa
s6iabmrenus y x200 (a) ra x1500 (6).

Fig. 3. SEM image of the microstructure of the pre-eutectic Al-S—Cu alloy at a
magnification of x200 (a) and x1500 (6).
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Puc. 4. Mudparrorpama 2 moaudirosanoro Al-Si—Cu-cromry, ogep:KaHOro Me-
TOHOIO0 HEIIEPEPBHOTO JUTTS HiJl TUCKOM (a); MiKPOCTPYKTypa CTOITYy IIiCJIsd To-
MoreHisarii (6).

Fig. 4. Diffraction pattern of the modified Al-Si—Cu alloy obtained by the
method of continuous casting under pressure (a); microstructure of the alloy
after homogenization (6).
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3a pesyabTaTaMU PeHTI'eHO(a30BOI aHai3y BUABJIEHO HAABHICTD IIi-
KiB, AKi BigIOBigaroTh aJIOMIiHiIO Ta CHIiMiI0 AJIg MOOU()iKOBAHOTO CTO-
Iy, OfepPKaHOro METONOM HeIllepepBHOT0 JUTTA IIia TUCKOM (puc. 4, a).
Tumni ¢gasu He imenTHdiKOBaHO, IO BUMNJINBAE i3 aHAJII3M MiKPOCTPYK-
TYPH CTOIIiB micJisg romoreHisaiii sa T'=515°C yupogos:x 5—7 rogun. Y
mpoilieci romorenisarii Big0yBaeTbea pparmMenTalia Ta chepoigusaris
$as; B CTPYKTYPi BUABIAIOTHCS I'OJKOIOAIOHI BKIIOUEHHA JOBKUHOIO ¥
10-15 mxw™ (puc. 4, 0).

Ha pucyukry 5 mokasaHo MikpocTpykTypy crony AKIM2, aka ckia-
AETHbCS B OCHOBHOMY 3 HeHAPUTHOI Mopdoorii a-Al, 36arauenoi uac-
THHKaMU Si, Ta eBrekTuku Al + Si. 3a gomomorow EDS-ananisu Takox
BUABJEeHO HaaABHicTh Cu, IO MOXKe HPUBOAUTU OO YTBOPEHHS (das
Al-Cu. 3a nmumu panumu (tabu. 2) Bigmiueno mpucyrtHicts Al- Ta Si-
CKJIQIOBUX, AKMX IIOKA3aHO Ha PHUC. D, a, 0. Y CTPYKTYPi TaKOXK MOMK-
JauBa HaABHicTh a3y Al:Cu — po3umHEeHOro HepiBHOBAYKHOTO HAIJIMIII-
Ky, AKUH, iIMOBipHO, mopsaz i3 ¢asoo AlCu npuBoaAUTE A0 36iJbIIIeHHS
KoHIeHTpanii Kynpymy y amomiHifioBomy TBepaomy posdunHi Big 1,8%
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Puc. 5. PEM-306paskeuHs MikpocTpyKTypu crorry AK9IM2: mopdosoria qoesre-
KTuuHOTO crony (a), EDS-npodins (6), EDS-cuekTep eteMeHTHOI aHaIisu (8).

Fig. 5. SEM image of the microstructure of the AK9M2 alloy: morphology of the
pre-eutectic alloy (a), EDS profile (6), EDS spectrum of elemental analysis (8).
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TABJIUIIA 2. EDS-mikpoananiza Al-Si—Cu-cTomy B IuTOMY CTaHi.
TABLE 2. EDS microanalysis of the as-cast A1-Si—Cu alloy.

®Da3za
Al Si Cu
3,02 96,98 — Si+a-Al
83,57 14,38 2,05 o-Al+Si
56,07 9,79 28,32 a-Al + Al:Cu + Si

y auTomy cTaHi mo 2,2% micas Bimmamy. Bomgmouac poamip ¢as mig uac
KpucTaJisarii Mmo:ke 30ijabIyBaTucsa. BusHaueHo, IO IicJIsg IPHUKJIA-
TaHHS THUCKY rojJyara eBTeKTuuHa dasa o+ Si piBHOMipHO po3momiis-
€ThCA Y MATPHUIIi.

s mopiBHAMBHOI aHaJism BJacTHUBOCTell cTomiB cepii 1 i 2 Oyam
OpoBeleHi cTaHAApPTHI BUNPOOYBaHHS MEXaHIUHMX XapaKTePUCTUK
(taba. 3). Burian kpuBUX HaBaHTaYKeHHA HaBeJeHo Ha puc. 6, a.

Hocaimxenna MeXaHiUYHMX BJIACTUBOCTEN CTOIIiB IOKAa3aJiu, IO [IO-
CTaTHHO BUCOKUI PiBEHb MIiITHICHUX XapaKTePUCTHUK (Go,2 = 10 350 MIla,
o =10 400 MIla) ymMo:KIUBIIOE BiJHECTH OiepKaHi CTOIM HA OCHOBI MO-
Tpifinoi cuctremu Al-Si—Cu g0 Bucoxominuux [1, 5, 15]. Boguouac mia-
CTUYHICTD CTOIiB € mopiBHAHO HU3bKOIO (0,8-1,42%).

B obGsracTi KiMHaTHMX TeMIlepaTyp, e OCHOBHUM MeXaHisMoM xedo-
pMaiiii € gucyoKaIlifiHe KOB3aHHA, 3HAUEHHSA I'PAHUIDb IMJIMHHOCTU IJIS
000x cepiit cromry 61u3bKi. OgHAK, BOJHOPAa3, MIBUAKICTEL gedopMalriii-
HOT'0 3MillTHeHHSA cTony cepil 2 BuIlle, HiK y cTony cepii 1 (puc. 6, 8). Lle
CBiIYUTH PO Te, 10 3a AedopMaIliiHOT0 3MIiITHEHHS CTOIIiB B3a€MOIisd
IUCJIOKAIIiN 3 CYyOCTPYKTYPOIO BiOYyBAEThCA 3a PisHUMHU MeXaHi3MaMMu.
Y Bunajky TBepJOro pOo3UMHY 3 AUCHEePCiHUM 3MIiITHEHHAM Ile — Me-
XaHi3M B3aeMOMil pyXJIMBUX AUCJIOKAIIIN 3 IPYKHIMHU IOJIMU HABKOJIO
YaCTHUHOK, POJIb SKUX He 3MiHIOETHCS 3i 301i/IbIIIEHHAM CTYIIeHs Aedop-
Marrii. 3i 30iJIBITeHHAM 0Ji eBTeKTUKH, I'YCTUHA JUCJIOKAIill y mporeci
ne)opMyBaHHS 3POCTa€E MIBUAINE 3aBAAKU ail mxepen Ppanka—Pina Ha
MiK(pasHHX MeKax eBTeKTUYHUX KOJIOHIN 3a MaJjol TOBMKUHHU BiJILHOTO
mpobiry aucsokariii. PiBHOMipHa medopmariia g, OJida TUCIEPCHO3MIII-

TABJINIIA 3. Mexaniuni BmacTuBoctu cromiB 1 Ta 2.

TABLE 3. Mechanical properties of alloys 1 and 2.

os, MIla co,2, MIla €p, %0 v, %
1 2 1 2 1 2 1 2
24 357 395 325 344 0,80 1,42 0,670 0,675

Temmepatypa, °C
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Puc. 6. ®isuko-MexaHiuHi BIACTUBOCTH CTOMiB cepii 1 i 2: excmepuMeHTaJILHL
KpMUBiI HaBaHTa)KeHHA HaNpysKeHHA—IedopMmallis (a), ricrorpaMu MeXaHIUHUX
BJIACTHBOCTeI1 cToIIiB cepii 11 2 (0), mBuaKicTh AedopMallifiHoro smMirtHe HES (8).

Fig. 6. Physical-mechanical properties of alloys of series 1 and 2: experi-
mental stress—strain load curves (a), histograms of mechanical properties of
alloys of series 1 and 2 (6), the rate of strain hardening (8).

HEHOT'0 TBEPJAOro PO3YMHY BU3HAYAETHCSI MOAMPIKOBAHUM CIIiBBigHO-
menHaM 3a Koucugepom [16]: o = (1+m) 'do / de, e m — MOKa3HUK
OIBUAKICHOI YyTJIHBOCTH Ie()OPMOBAHOTO HAIPYKEHHS, SKUHN 34 HU3b-
KHUX TeMIepaTyp HeXTOBHO Majuii. 3a KiMHATHOI TeMIIlepaTypu BeJIu-
YyuHA €, 114 cTony cepil 2 ckaazgae 1,42%. 3pasok pyiiHyeThCsa 6€3 YTBO-
PeHHA IMUAKYN 3 IPUUYNHN CHUJILHOTO AedopMaIliliHOTo 3MiIlTHEeHHSA; Ie-
¢dopmailia B MOMeHT pyiHyBaHHA ckJaagae 0,8%. Ak Hacaimok, MaKkcH-
MaJibHe HATIPY:KeHHs B CTOIi cepii 1 BUABIAECTHCA BUIIUM, aHiK Y CTOIIi
cepii 2. Takum unHOM, JedopMallid pisHOBiAZaIeHUX Big BeKTOpa IIPH-
KJaJaHHsA THCKY YaCTUH BUJINBKA BiIpi3HAECTHCA MalyKe BABiUi.
dpakrorpadiuHi mociigKenHsa cepii 3paskis 11 2 Oyaysanucsa Ha 10-
piBHANLHiI aHaTi3i 3;1aMiB 3pasKiB CTOIB micjs BUOPOOYBaHb Ha PO3-
Tar 3a KimHatHoi Temmeparypu ([ICTY7305:2013). ®dpaxTorpadiumy
aHAaJi3y IPOBOAMJIN 3a JOIIOMOI'0I0 eJIEKTPOHHOI MiKPOCKOIIiil Ha mpua-
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oi JSM-6490LV. 3 TouKu 30py CTyHeHA PO3BUTKY peJabedy MOBEepPXHi
py#HYBaHHA 3J1aMU MOKHA KBasi(ikyBaTu 3a pisaumu tunamu. Iloka-
3aHUI Ha pucC. 7, a 3J1aM XapaKTepU3yETbCSI TUM, 110, KPiM KiabileBoi
30HU 3Pi3y, OCHOBHY IJIOIINHY PYHHYBAHHS OPi€HTOBAHO MEPIEHIUKY-
JISIPHO OCi HaBaHTa'KeHHA. B Mekax TaKoro TUIy 3JIaMy CTYIIiHb PO3BHU-
TKY peJbedy MoKe 3MiHIOBATUCh V¥ NIUPOKUX I'PAHUILAX; OJHi€I0 3 HI0T0
XapaKTEPUCTUK € BICOTA MiKPOHEPiBHOCTEN peabedy.

Iamuit Tun pyinyBanHsa, HaBeJeHUH HA puc. 7, 6, XapaKTepU3yeEThCA
TUM, IO OCHOBHY ILJIOIIUHY PYHHYBaHHA MIePEeTUHAIOTH OPi€HTOBaHI IIe-
PIEHAUKYJISAPHO IJIOLIWHI HAaAPi3y 3pasKa BUPBU MeTay, IKUX O0Me-
JKeHO, IPUHAUMHI 3 0THOTO OOKY, I'VIaJKOI0 IOBEPXHEIO PO3IIIapyBaHHA.
3J1aM PO3TaIIOBYETHCS IO ABOX a00 MeKiIbKOX IJIOINHAX PYHHYBaHHA,
Opi€eHTOBaHUX MEPIEHINKYJIAPHO OCi 3pa3KiB i 3’efHAHUX «CXOTaMMU» .

BuBuenHs ocobiuBocTel MiKpopeabedy KOKHOI 30HM cepii cTomiB 1 i
2 mokasaJio, 110 € TJIn00Ki ocepeKOBi (BTOPUHHI) TPiIIUHY BUTATHYTOL

Puc. 7. MikpodoTorpadii moBepxHi pyliHyBaHHA 3pa3KiB 3a KiMHATHOI TeMIIe-
patypu: crounu cepii 1 (a), cronu cepii 2 (6).

Fig. 7. Photomicrographs of the fracture surface of samples at room tempera-
ture: alloys of series 1 (a), alloys of series 2 (6).
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TABJINIA 4. Teepaicts 3a Bpinesmem cromis cepii 1 Ta 2.
TABLE 4. Brinell hardness of alloys of series 1 and 2.

TBepxicts 3a Bpimesnnem, HB

Hismerep BigduTKa, MKM Cror cepii 1 Hismerep BigouTka, Mmxm| Crom cepii 2
908 124 901 131
896 134 903 140
914 143 929 137

Y1 HeIIPaBUJIBbHOIL (hOpMM, PO3TANIOBAHI MEePIEHANKYJISIPHO A0 TOBEPXHi
3JIaMy, KPYIIHi OKPYTJIi AMKU, SKi BigoOpaskaioTh PyYHHYBaHHA BUXi-
HUX 3epeH, JaHIIOTH IPiOHUX AMOK, IIT0 PO3TAIIIOBAHI HA CBiTINX Iped-
Hax. CmocrepiraoTbcsa TAaKOK BiJHOCHO BeIHKiI AMKHU pPO3TayKeHOl
dopmu, posmipom y 10 MKM 3 eleMeHTaMHu B’SI3KO-AMKOBOT'O PYHHY-
BaHHs. TakoK y pagisaibHiil 30Hi € eteMeHTH B’ I3KOr0 3J1aMy, AJIA KO-
ro XapaKkTepHa HaABHICTD JiJISHOK 3 PO3BHMHEHUM MiKpopeabedoM (M-
KaMu Ta rpe0HaMHT), SKi BUHUKJIY Yepes 3JIUTTSI MiKpPOmop i mopo:KHed.
Bupasuo BugHO Taki ereMenTHu penbedy, AK rpebeHi BigpuBy Ta CTPyM-
KOBUH BizepyHOK. MiKpopeabed) HaBeAeHNX 30H CKJIALAETHCA 3 PiBHOBI-
CHUX AMOK posMipoMm y 5—10 MKM, SKi 3HAXOAATHCA B KOHTAKTi Ta dop-
MYIOTH IIOPiBHSHO OMHOPiHY IMOBEPXHIO PYHHYBaHHSA. B TaKux cTomax
OCHOBHUM BUJIOM PYHHYBAHHA € XapaKTepHe 3MilllaHe 3 IIepeBakHOI0
J0JIeI0 TPAHCKPUCTAIITHOTO.

PesyabpraTu BUMiproBaHHSA HA TBEPAiCTh 3pas3KiB cepii 11 2 3a craTu-
YHOI'O HaBaHTAKEHH HaBeJeHo B TalJI. 4.

BusuaueHno, 1110 3HaUeHHSI TBePAOCTH AJIA CTOIIIB cepii 11 2 — ommoro
nopAAKy. Bucoki sHauenHsa MimHocTu Ta TBepgoctu cromiB Al-Si—Cu
MOKHA IMOSCHUTH OCOOJIMBOCTAMM MexaHismy medopmaiiii. B mporeci
HaBaHTaKeHHs CTOMIB IIiei cucTeMu BimOyBaeThCcs pesiakcallis Hampy-
*KeHb y 1e(hOPMOBAHOMY IIIapPi 3 MOYKJINBICTIO IIiIBUMITEHHS IJIACTUYHOC-
T1 3a po3TAry. IIIBuaKicTL JehopMyBaHHSA 3a CTATUYHOTO HABAHTAKEH-
HS MOXKe CAYT'YBaTU JONATKOBOIO HiATHOCTUYHOIO O3HAKOIO IJIS OI[iHKHU
AKOCTU OZlepP:KaHUX MaTepisiiIiB.

Y pobori BusHaAUeHO Koe(illieHT TeMIepaTyponIpoOBiIHOCTH JUBAPHO-
0 aJIIOMiHiHOBOTO CTOITY, OJIEP:KAaHOro 3a IPUKJIAJaHHA HAJJIUITIKOBOIO
THCKY B IIpoIeci Kpucrasisarii (Tabia. 5).

Ha pucynky 8 HaBeieHO PO3IIOAiJ iHTEHCUBHOCTH TEIIJIOBOTO iMITyJIb-
Ccy y uaci mij uac mpoxomKeHHs Telljla Yepes MOBiTpA Ta 3pa3oK. ¥ Ipo-
meci MipaHHSA TeMIIepPATYPOIIPOBiIZHOCTH y 3PasKy B IIOYATKOBUII MO-
MEHT IIPOXO»KEHHS CBIiTJIOBOT'O iMITyJIBCY CBiTJIa CIIOCTEpPiraeThes icTo-
THO HEeOAHOPiAHMI posmnoaia #oro mBuakocteii. Ile Bigmosizae makcu-
MyMY B IIeHTPi KOMipKu, 110 IIEPEBUITYE 3HAUEHHSA IITBUIKOCTH PO3IIOB-
CIOMPKeHHs iMITyJIbCY CBiTJIa Ha MeKaX KOMIpPKH y JeKijgbka pasiB. 3
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TABJINIIA 5. PesynbraTy MipAHBb KoedillieHTa TeMIepaTypoIpoBigzHOCTH
cronry AK9M 2.

TABLE 5. Results of measurements of the coefficient of thermal conductivity
of the AK9M2 alloy.
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MJIMHOM Yacy KPUBi pPO3IOJijy BUPiBHIOIOTHCSH, i IIBUAKICTE IPAMYE IO
CTAJIOr0 3HAUEHHS 10 BCill KoMipiri. ¥ mMerasax i cTomax MOKJIMBI ABa
OCHOBHUMX MEXaHi3Mu IepeHeCeHHs Tellja: IPYKHI KOJIUBaHHS I'DATHU-
i (hoHOHHUI MeXaHi3M) i mepeHeceHHA BiIbHUMU ejieKTpoHaMu. Ta-
KOJK Ba’KJIMBUM € BpaxXyBaHHSA HAABHOCTU BeJIUYNHU ITIOPYBATOCTH, (O-
pMu, po3MipiB i mapameTpiB IIOp, 1110 iCTOTHO BIIJIMBAIOTh Ha 3HAUEHHA
TeMIlepaTyponpoBiguocTu. ToMy CJIil IPOABIATH KpaifHIO 00ePerKHIiCTh
B aHaJi3i oep:KaHuX Pe3yabTaTiB.

BcranosiieHo TaKoMK, 1[0 Ha IMMOBEePXHi Tija (3paska) JOCTATHHO IIBU-
IKO MTOCATAEThCA CTAllioOHApHIiN cTaH. IcTOTHMX BiAMiHHOCTEH y TeMiie-
paTypompoBigHOCTi 3paskiB cepiit 1 i 2 He BUABJIEHO, IO MOKHA IIOSC-
HUTHU IXHIMU OZHAKOBHMU CKJagaMu. IIopiBHAHHA BUMipAHOI TeMIie-

\ 1100 .
g[ 800 Ec
5 7009 los =
g 600 s
4] 4]
B 500 Yoo %
S 400 1 S
= 300 =
m {85 &
E 200 _ %

IIOBITPH

g2 100 2olse &
fei] [«h)
E 0 Crmae AK9M2 E
= 100 75 =

00 05 10 15 20 256 30 35

Hac, Mcer

Puc. 8. [nTeHCUBHICTh TeTJIOBUX MTOTOKiB y 3pasky Al-Si—Cu i moBiTpi.

Fig. 8. Intensity of heat flows in the A1-Si—Cu sample and air.
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PaATypPOIPOBiAHOCTHY 3Pa3KiB 3 JOBiAKOBUMU 3HAUYEHHAMHU CBiIUYUThH IIPO
BUCOKHUU PiBeHb I[i€l XapaKTepUuCTUKHU OJA OAePKaHOor0 MaTepisay Ta
MOJKJIMBiCTh BUKOPMCTAHHSA MOT0 B KOHCTPYKI[IAX 3 iHTEHCUBHUM TeIl-
JIOOOMiHOM.

4. BUCHOBEKH

TexHOJIOTIYHMME Ta KOHCTPYKIIiHUMU 3acobaMu peasizoBaHo JaMiHa-
PHe 3amoBHeHHSA (OpMH pPO3TOIIOM 3 METOI MiHimisarii opmyBaHHS
TeXHOJOTiUHUX AedeKTiB JuUTTsA. 3a Ii€l0 TeXHOJIOTie0 OIep:KaHoO BU-
JuBOK 3i cromy cucremu Al-Si—Cu 3 BUCOKMMY eKCILIyaTaAIliiHNMH I1a-
paMeTpaMu Ta MiHiMaJbHOIO KiJILKiCTIO TexXHOJOTiuHUX Ae(EeKTiB, He-
3BasKalouM’ Ha iCTOTHY TOBIIMHY BUJIUBKA.

Busunaueno ¢asoBuii ckaas i MiKpOCTPYKTYPY 3pasKiB 3 cepii 11i 2,
SAKi BiApi3HAIOTHCA YMOBAMU IIPUKJIAAEHHA TUCKY IIig yac auTTa. Bera-
HOBJIEHO BUCOKH I PiBeHDb MeXaHiUHUX BJIACTUBOCTEI CTBOPEHUX CTOIIiB,
110 TMTOETHYETHCS 3 BUCOKMMU JIMBAPHUMU XapaKkTepucTuKaMu. BusHa-
YeHO, IO MiKpPOJIETOBAHUM BUCOKOMIIIHUI aBiAIMiMHUINA CTOII CHCTEMU
Al-Si—Cu, ozep:xaumnii 3 BUKOPUCTAHHIM JOJATKOBOI'O TUCKY HA PO3TOII
3a KpucTaisallii, XxapakTepusyeThesa 0iJbIll BUCOKOI0 HU3LKOTEMIIEpa-
TypHOIO maacTuyHicTio. Tak, gedopmallisa no pyiiHyBaHHS IIiJ yac BU-
npoOyBaHb Ha PO3TAT cTomy cepii 2 ckaagae 1,42%, a gaa cromy cepii 1
—0,8%. Ile 3ymoOBJIEHO MeXaHi3MOM PYyHHYBaHHA, a caMe, 3POCTaHHIM
IOJIi TPAHCKPUCTAJITHOTO PYHHYBaHHA 3aBAAKY IIJacTUHYACTiH nBO(da-
3HiMl CTPYKTYpi, II0 MiATBEPAKYEThCA (haKTOrpadiuHUMU JOCIiIKeH-
HaMu. 3i 30iJIbIIIeHHAM BMiCTy €BTEKTHUKU Y CTOIII XapaKTePHUM € 3Mi-
IIaHUH CII0Ci0 PYyHHYBAHHA 3 IPEBaKHOIO 10JI€I0 TPDAHCKPUCTATIiITHOTO.

BusHaueHo xoedilieHT TeMIIepaTypOIpPOBiIHOCTH JUBAPHOTO AJIIO-
MiHifOBOT'O CTONY, OZEPKAHOT0 3a IIPUKJIATAHHA HAIJIUIIIKOBOTO TUCKY
B IIpoIleci Kpucramgisamii. 3ampomoHOBaHO MeXaHi3Mu IIepeHeceHHs Te-
IJIa B CTOIIi 3a PAXYHOK NPYKHiX KOJIUBaHb I'paTHHUIl ((DOHOHHII MeXa-
HisM) i mepeHeceHHd BiIbHUME eleKTpoHamu. Omepskani gami cBiguaTh
PO MEePCIEeKTUBHICTh BUKOPUCTAHHS CTOITiB 3 Pi3HMM BMiCTOM KpeMHiI0
AK MaTepisaay AJis BUPiNIeHHS 3a4a4 TeILJIOO0OMiHY.
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Energy and Power Parameters of Rolling Profiles for Wheel
Rims of Reduced Metal Intensity with Toroidal Flanges
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The article contains experimental evaluation of technological possibilities of
the wave-shaped profiles and confirmation of classical metal flow on profiles
of wheel rims with toroidal flanges. The following parameters are recorded
during the experiments: temperature in the finishing gauge, rolling force in
the 2n, 4t Gth and 7t passes, current, voltages and motor speeds. The analy-
sis of experimental data of rolling profiles 7.0-20-03, 8.5-20-03 and 228G-
020-01 shows that technological capabilities of special rolled products for the
truck wheel rims with wavy central part are much higher than serial profiles,
where the central zone is of rectangular shape. It is possible to reduce the
mass of profiles without changing the process parameters, i.e., rolling force
and torque. This indicates the influence of additional and kinematic effects
on the deformation zone in real production conditions.

Key words: wheel rims, metal intensity, energy and power parameters, roll-
ing, workpiece.

VY cTaTTi IpoBeAeHO eKCIIEPUMEHTAJIbHY OI[IHKY TEXHOJIOTIYUHUX MOYKJIMBOCTEHN
npodiniB xBusenoxi6Hoi dopmMu Ta miATBEPAIKEHHA KJIACUUYHOI Teuii merasry
Ha mpodinsgax o60miB KoJic 3 TOpoimaibHOIO HMOCAAKOBOIO moauiieio. IIig uac
eKCIIePUMEHTIB peecTpyBaJu TaKi mapaMeTpu: TeMIepaTypy B UMCTOBOMY Ka-
Ji6pi, sycuaasa mporkatku y 2-my, 4-my, 6-my i 7-My mpoxomax, CTPyM, HAIIPY-
Ty Ta 4mcjo o60pOTiB ABUryHa. AHaliza eKCIepuMeHTaJIbHUX JAaHUX IIPOKAaT-
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Ku npodiais 7.0-20-03, 8.5-20-03 i 228G-020-01 moxkasye, 1110 TeXHOJOTiUHL
MOJKJIMBOCTI CIIEIisIIBLHOTO IIPOKATy IJIs 000iB KOJiCc BAaHTAKHUX aBTOMOOi-
JiB i3 XBMJIETOi0HOIO IeHTPAIbHOI0 YaCTUHOIO 3HAUHO BUIIi 3a cepiiiui mpo-
¢irni, B AKMX IIeHTPaJbHA 30HA Ma€ IPIMOKYTHIO (hopmy. MoKanBe IIOHUKEH-
HA Macu npodiniB 0e3 3MiHM ImapaMeTpiB mpoliecy, TOOTO CHUJIM Ta MOMEHTY
npokatku. Ile cBigunTh mpo BIIuB edeKTiB JOAATKOBOrO Ta KiHeMaTHUYHOTO
BILIMBY Ha ocepeoK nedopmaliii B pealbHUX YMOBAaX BUPOOHUIITBA.

Karouori cioBa: 06ix KoJjieca, MeTaJOMiCTKiCTh, €HEPTOCHJIOBI mapamerpu,
IIPOKAaTKa, 3aTOTOBKA.

(Received 8 October, 2023; in final version, 15 November, 2023 )

1.INTRODUCTION

Currently, many spheres of activity can be considered knowledge-
intensive, i.e., areas where the latest achievements and developments
in science and technology are used.

There are industries that provide output of products with high con-
sumer properties or are of priority importance for the state due to one
or another reason. Significant capital investment is involved in these
productions either in order to maximize profits or to obtain acceptable
specifications of the manufactured item. This makes it possible to ob-
tain new quality at reduced costs by means of advanced technologies,
equipment, materials, and to ensure highly profitable production with
priority development and economic growth [1-6]. In our case, it can be
argued that such priorities include the automotive and aircraft engine
industries.

The automotive industry ranks first in terms of special rolled prod-
ucts used. The profiles used can be divided into groups: wheel, period-
ic, spring, for door hinges, and other parts [7-9].

Designs of automotive wheel rims for various purposes are distin-
guished by the number of main structural elements: rim base, lock ring
and side ring. All of these elements have different designs depending
on their purpose. The rim base, designed with an inclination of 5° to
the flange, is necessary to keep the tire on the rim by tensioning it. Re-
cently, a rim design with a 15° flange for truck, bus, and trolleybus
wheels has become more prevalent.

In the automotive industry during the production of truck and bus
wheels, the direction of improving designs by reducing the rim compo-
nents is clearly indicated (Fig. 1). This makes it possible to reduce the
metal intensity of the rim by reducing the overlap of the rim parts.
There is a need to create a single-piece rim. In addition, the profile it-
self undergoes changes towards a more rational distribution of metal
across the cross-section. This ensures a certain degree of its equal
strength: more stressed areas are strengthened and less stressed ele-
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Fig. 1. Hot-rolled profiles of truck wheel rims.

ments are thinned.

The upper profile of the rim has an equal-thickness cross-section,
although the load is different across the widths. The lower profile is
designed so that the section has different thicknesses across the width
and a 5° flange on which the tire bead sits with interference. In this
case, the side ring in the first design is made for this structure in one
piece with the centre part.

There is no need to make a holding ledge that significantly reduces
the metal intensity of the profile. The third profile from the top has a
thinning in the central part; it is minimally stressed during operation.
The wavy lower surface of the centre part of the next profile allows for
additional lightness and, at the same time, ensures a minimum tem-
perature drop during rolling in the last finishing pass, which improves
its technological capabilities.

This trend in the development of truck wheel rims, taking into ac-
count operational and technological features, means that the improve-
ment of designs is associated with areduction in the weight of the wheel,
its individual parts, including special rolled products. Reducing the
mass of the unsprang part of the vehicle results in reduced fuel con-
sumption, tire and road wear, and increased life of the wheel-mounting
hub[10].

Rolling of non-standard profiles in metallurgical production allows
saving metal at the consumer, where it is used as a workpiece for the
manufacture of products of the machine-building complex. This case
considers the ‘junction’ of metallurgical and machine-building pro-
duction where many technological and technical issues can be solved.
For example, the creation and development of profiles of special rolled
products with reduced metal intensity involves solving a number of
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issues in different areas of production: in mechanical engineering—
issues related to the strength of the product, operational capabilities;
in metallurgy—technological issues that determine the possibility of
its production and economic feasibility. Comprehensive consideration
of peculiarities allows for a new approach to solving emerging prob-
lems. In this case, a new task definition and new approaches to its solu-
tion appear. Rolling profile, the shape of which is determined by the
parameters of loading during operation, can take into account the
technological features of production, in particular, plastic defor-
mation. The new statement concerns the technological design of spe-
cial rolled products, for which it is necessary to know the peculiarities
of the technological process, the regularities of plastic flow of metal,
stressed and strained conditions[11-15].

Consideration of plastic deformation effect on the shape of rolled
products allows not only to predict the result, but also to control the
process of deformable medium shape change on the basis of physical
and mathematical models. The tool for such control can be the strain
non-uniformity in both width and length of the deformation zone.

The theoretical and experimental research results presented in this
paper show that there are effects that stabilize the process and high-
quality product under conditions of non-uniform plastic deformation
of thin-walled profiles.

2. EXPERIMENTAL

Experimental evaluation of technological possibilities of wave-shaped
profiles and confirmation of classical metal flow was also carried out
on profiles of wheel rims with toroidal flange. The following parame-
ters were recorded during the experiments: temperature in the finish-
ing gauge, rolling force in the 2, 4, 6" and 7*" passes, current, volt-
ages and motor speeds.

To measure the rolling force, membrane-type load cells made of
40KhN steel were designed and manufactured. They worked in con-
junction with a strain gauge amplifier and a magnetoelectric oscillo-
graph.

A device consisting of a photoelectric pyrometer, isolation trans-
former, voltage stabilizer, and oscillograph was used to measure the
temperature. The loading of the motor of the finishing stand was in-
vestigated using an oscilloscope.

3. RESULTS AND DISCUSSION

Generalized values of process parameters for profiles 228G-020 and
228G-020-01 with the groove depth of 1.0 mm are presented in Table 1.
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TABLE 1. Results of experimental data during rolling of serial and light-
weight profiles 228G-020 and 228G-020-01 (groove depth of 1.0 mm).

Rollin . Pass Nos.
paramet%rs Profile type 1 | 2 | 3 | 4 ’ 5 | 6 ‘ 7
Reduction mmLightweight3O.9 27.9 15.1 10.8 4.3 2.7 1.0
’ Serial 30.9 27.9 15.1 10.8 3.8 2.6 1.2
Temperature, Lightweight - - - - - - 860-980
°C Serial - - - - - - 895-982
Rolling force, Lightweight - 2.9-3.7 - 3.2-4.2 - 1.9-2.5 2.2-3.1
MN Serial - 2.6-3.8 - 2.8-3.5 - 2.1-2.6 2.2-3.1
Motor capacity,Lightweight - - - - - - 517-802
kW Serial - - - - - - 525-781
Rolling torque, Lightweight - - - - - - 0.03-0.05
MNm Serial - - - - - - 0.03-0.04
Torque arm Lightweight - - - - - - 0.33-0.45
ratio Serial - - - - - - 0.34-0.43

The research results for serial and lightweight profiles were com-
pared for the following parameters: absolute reductions, rolling tem-
perature in the finishing pass, rolling force, motor capacity, rolling
torque, torque arm ratio. The obtained data of lightweight and serial
profiles did not have significant differences. At actually, the same
strain mode of rolling the temperature changed insignificantly: on the
lightened profile it slightly decreased from 895-982°C to 860-982°C.
Higher temperature of the end of rolling, compared to profiles 7.0-20-03
and 8.5-20-03, is explained by higher weight of profiles and simplified
configuration of the profile (similar to strip rolled product). The rolling
force for the experimental and serial rim is in the same range of
2.2-3.1 mN, although a more detailed analysis shows that there is a bias
in the number of measurements towards a lower force magnitude, when
rolling a lightweight rim. Other process indicators are also within ap-
proximately the same limits: capacity is 517-802 kW and 525-781 kW;
torque is 0.03-0.05 MNm and 0.03-0.04 MNm; torque arm ratio is
0.33-0.45 and 0.34-0.43. The workpiece used in rolling for the studied
profiles was of the same thickness and equal to 100 mm, which did not
introduce additional difficulties in analysing the result. When the roll-
ing end temperature is lowered, the forces are virtually the same. Stabil-
ity of indicators for lightweight and serial profiles proves the effective-
ness of kinematic influence on the rolling process. On these profiles, this
conclusion is stronger, since the experimental data were obtained, as can
be seen from Table 1, at comparable strain regimes. In addition, the pro-
cess of obtaining the required profile thickness did not cause any major
problems, rolling was stable and without delays.
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Fig. 2. Dependence of rolling force on temperature in finishing pass of profile
228G-020.
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Fig. 3. Dependence of rolling force on temperature in finishing pass of profile
228G-020-01.

Let us consider the experimental data in more detail to analyse the
validity of the obtained result. Figures 2 and 3 show the values of roll-
ing force depending on temperature for serial profile 228G-020 and
lightweight 228G-020-01, which support the generally accepted ideas:
with increasing temperature the rolling force decreases, and the data
scatter is less than for profiles with a tapered flange.

Figures4 and 5 for profiles 228G-020 and 228G-020-01 show the
dependence of rolling torque on temperature. The data demonstrate
that no such dependence is observed for profiles with tapered flange.
There is no effect of temperature on the rolling torque within the exist-
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Fig. 5. Dependence of rolling torque on temperature in finishing pass of pro-
file 228G-020-01.

ing process parameters, while reducing the metal intensity.

The dependences of rolling torque on temperature have a correlation
factor significantly less than 0.5. If there is no such dependence, then,
the arm should increase with the increase of metal rolling tempera-
ture. For profiles with a tapered flange, the arm and rolling torque arm
ratio also depend linearly on the temperature and increase with its in-
crease.

This is due to redistribution of yield strength along the length of the
deformation zone. Processing of experimental data for profiles with
toroidal flanges showed a similar qualitative dependence.
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Figures 6 and 7 show the data of torque arm ratio y from tempera-
ture T at rolling in the last finishing pass. The relationship between
the above factors can be seen for serial and lightweight profiles. This is
an important conclusion, as it suggests that rolling of lightweight pro-
files will not be accompanied by deterioration of the above parameters.

In addition to additional and kinematic effects on the deformation
zone, there is a peculiarity of energy character when the proposed
strain changes in the plastic flow do not lead to additional energy in-
puts.

This allows, for example, when cooling the rolled product to obtain
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Fig. 6. Dependence of rolling torque arm ratio on temperature in the finishing
pass of profile 228G-020.
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Fig. 7. Dependence of rolling torque arm ratio on temperature in finishing
pass of profile 228G-020-01.



ENERGY AND POWER PARAMETERS OF ROLLING PROFILES FOR WHEEL RIMS 351

the required structure, to ensure that the energy costs of the process
remain unchanged, while the rolling force can vary significantly.

The obtained result seems to be reliable, since it does not contradict
the generally accepted provisions of the rolling theory. The validity of
obtained experimental data, in addition to qualitative comparisons,
should be assessed by quantitative indicators.

For the profiles, in addition to the parameters presented above, the
motor armature current was measured using different measuring
equipment. Then, the data from them were well correlated with each
other after processing.

Processing of the obtained results by methods of mathematical sta-
tistics allowed obtaining empirical dependences of rolling force in the
seventh pass.

For the profile 228G-020,
rolling force on motor armature current

P;=3.007+238.2571,
rolling force on strip temperature [in tons]
P;=639.019+0.419T-, (1)
torque arm ratio on strip temperature
y7=0.00077T7—-0.34300.

For the profile 228G-020-01,
rolling force on motor armature current

P;=3.010+236.1001-,
rolling force on strip temperature [in tons]
P;=651.594 +0.412T+, (2)
torque arm ratio on strip temperature
y7=0.00081T7-0.37900.

The correlation ratios for currents are of 0.83 and 0.82, for temper-
ature, they are of 0.67 and 0.74, and for torque arm ratio, they are of
0.79 and 0.71. At a temperature of 900°C, the torque arm ratio for the
investigated profiles takes the corresponding value equal to 0.35. In
this case, the resultant of forces is located closer to the outlet of the
deformation zone.
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High convergence of the studied data indicates the reliability of the
obtained experimental results.

Comparing expressions (1) and (2), we make sure that they differ
insignificantly in numerical values that confirms the same order of ob-
tained experimental values on serial and experimental profiles. Using
formulas (1) and (2) by measured values of current force, it is possible
to determine the rolling force of profiles with toroidal flange of differ-
ent weight. If the stiffness of the mechanical system is known, we can
determine its elastic deformation and thickness of the yielding strip.
By knowing the force and the arm ratio, we can get the rolling torque.

Comparison of data for profiles with toroidal and tapered flanges
shows that there is a difference between them.

The temperature for profiles 7.0-20-03 and 8.5-20-03 is significantly
lower than for profiles 228G-020. This is due to the greater weight of the
profile, and the lower value of the torque arm ratio y for toroidal flanges
compared to profiles with tapered flanges is due to the complex shape of
the cross section. This also applies to the rolling force, which is greater
on profiles with complex configurations. Such a comparison of experi-
mental data for different geometrically shaped profiles is useful if there
are general trends that confirm the same qualitative result, which in-
cludes the plastic flow effect. Comparison of experimental data on pro-
files indicates that temperature reduction on lightweight profiles does
not lead to an increase in the energy parameters of the rolling process.

To develop the optimal weight of profiles at mill 550 of Petrovsky
plant several modifications of profile 228G-020- 01 of different weight
were rolled, with different parameters of wave central zone with depth
of groove hgroove =0.8, 1.0, 1.2 mm. The influence of the groove depth,
i.e., the profile weight, on the process parameters was studied.

Table 2 shows the values of the rolling process parameters obtained
from the motor armature current at groove depths of 0.8 mm and
1.2mm.

Table 2 shows that the force and rolling torques at groove depth of
1.2mm have increased in comparison with the data of Table 1. From
the technological point of view, it has complicated the process of ob-
taining the profile in shape and size, increased energy consumption,
mill downtime associated with its readjustment, consumption of rolls.
There were problems with obtaining the specified roll thickness in fin-
ishing passes. From the technological point of view, the profile weight
with groove depth of 1.0 mm was more preferable.

Rolling of the profile with depth Agoove =0.8 mm did not cause con-
cerns; however, such a ‘sinusoid’ was worn out faster.

4. CONCLUSION

All the data given in this article indicate that the manufacture of pro-
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TABLE 2. Values of rolling force and torques obtained by motor armature
current for profile 228G-020-01.

Pass Nos.
Process parameters 6 7
. Groove depth of 0.8 mm
Rolling force, MN 1.85-2.40 2.00-3.20
Rolling torque, MNm 0.023-0.028 0.025-0.041
) Groove depth of 1.2 mm
Rolling force, MN 1.88-2.56 2.52-3.44
Rolling torque, MNm 0.023-0.031 0.031-0.046

files with a wave-shaped central part in real production conditions con-
firms the effects of plastic flow and allows realizing the process of sta-
ble rolling of thin-walled products with reduced metal intensity. The
wavy shape of the central part of the finishing profile increases the
web width, which reduces the partial drawing of the heavily reduced
element. Redistribution of partial drawings across the strip width
changes the nature of the stress state.

As aresult, we have a new quality associated with the rolling of thin-
walled products; the process of plastic deformation (rolling) can be
controlled, improving its technological capabilities. On the other hand,
the features of shape change determine the design of the profiles them-
selves, and there is a possibility of their technological design. This
problem has been successfully solved for special profiles for wheels of
trucks, buses and trolleybuses.
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MexaHiuHa cTaOiIBbHICTh i KPUXKICTHh METAJIIB i CTOIIIB.
Y. 2. Poap MexaHIiYHUX BJIAaCTHBOCTEH

10. A. Memkos, I'. I1. 3imina

Iucmumym memaano@isuru im. I'. B. Kypdomosa HAH Ykpainu,
o6yave. Akademixa Beprnadcvrozo, 36,
03142 Kuis, Yrkpaina

BcranoBieHO 3aKOHOMIPHOCTI BILIMBY MiIITHOCTH Ta IJIACTUYHOCTH KPUIIL Ha
eeKTUBHICTL OKpUXUyBaJabHOI nii KoHIeHTpaTopiB Hanpy:KeHb (KH) y BU-
TJIAO1 TPillIMH BTOMU y CTAHAAPTHUX 3pasKaXxX IJs BU3HAUEHHS TPiITMHOCTIH-
KocTHu MeTaJiB i cromiB. [IJis aHAJi3M 3aCTOCOBYBAJIM CIEIliAJAbHI MOKa3HUKY,
AKUX 0yJio 3amponoHoBaHOo B U. 1 11bOT0 TOBifOMJIEHHS, a caMe: pPe3epB MillHO-
ctu B, i epexTuBHMNN KoedimienT KoumenTpalii Hanpy:xKeab KH aer. IToKasa-
HO, III0 YMOBOIO BTPATH MeXaHiuHOI cTabiJibHOCTH MeTaay (KPUXKOCTM) IIif
niero KH e nepeBuitieHHA oer Ha By, 1110 03HaUYae pyiiHyBaHHA 3paska 3 KH sa
CcepeHLOTO HAIIPYIKEHHSA, AKe He IePeBUIllye I'PAHUII0 IJIMHHOCTHA Go,2 METa-
ay. BecraHoBJIeHO 3aKOHOMiPHOCTI BIUIMBY MiITHOCTH Go,2 HA IIOKAa3HUKU pe3ep-
By MinmHocTu Br i Benuuny epeKTUBHOTO KoedillieHTa KOHIIEHTpAIlil HaIpy-
JKEHDb Olef, CIOPUYMHEHOTO B3POCTAHHAM MIiITHOCTM KPUIL y MeXKax Go2=
=140-500 MIla (B pesysabTaTi HOHMMKEHHS TeMmepaTypu) i coz=140-2200
MIIa 3a kimHaTHOI TeMIepaTypu (B pe3yabTaTi 3MiHU XeMiUHOTO CKJIALy KPU-
i Ta TepmMoo6pobeHHs). BeraHoBiewno, 1o pyliHnyBaJbHa edperTuBHicTs KH
Oef PETYJIIOETHCA Oe3mocepeHbLO BeIMUYNHOIO pe3epBy MinHoctu Br, aAKuii, B
CBOIO Uepry, OB A3aHUN 3 XapaKTePUCTUKOIO MIiITHOCTH Go2. TaKUM UHMHOM,
IJIACTUYHICTh HiBeJtoe okpuxuyBaabHy edeKkTuBHicTE KH (0lf) HE cama 1mo co-
0i, a Ha oHI MOKABHUKIB MiITHOCTH (Go,2): OiJIBII BUPA3HO AJIA HUBbKOMIIITHUX i
MeHII e(peKTUBHO AJIA BUCOKOMIIIHUX KPUIb.

Karouosi croBa: MimHicTh, pesepB MiIfHOCTH, MeXaHiuHa cTabiIbHICTh, KPUX-
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KiCcTh, KOHIIEHTPATOP HAIPYIKEHb.

Regularities of the influence of strength and ductility of steels on the embrit-
tlement effect of stress raisers (SR) as fatigue cracks in standard specimens
for determining the fracture toughness of metals and alloys are ascertained.
Special indices proposed in Pt. 1 of this report are used for this analysis,
namely: strength margin, B, and the effective coefficient of stress raise, des.
As shown, an excess of aer over B:is the condition for mechanical instability
of metal (brittleness) under the SR influence; this means fracture of the spec-
imen with SR at the average stress that does not exceed the yield strength of
metal, co.2.Regularities are found for the effect of strength, co.2, on indices of
strength margin, B,, and the value of the effective stress raise coefficient,
aef, due to an increase in strength of steels, co.2, within the range 140-500
MPa (as a result of decrease in temperature) and within the range 140-2200
MPa at room temperature (as a result of changing the chemical composition
of steel and heat treatment). As established, the SR destructive effect, o, is
governed directly by the value of strength margin, B,, which, in turn, is re-
lated to the strength characteristic, 6o.2. Thus, ductility reduces SR embrit-
tlement effect, oet, not by itself, but against the background of yield
strength, co.2, more strongly for low-strength steels and less strongly for
high-strength steels.

Key words: strength, strength margin, mechanical stability, brittleness,
stresses’ raiser.

(Ompumano 11 runusa 2023 p.; ocmamoun. apianm — 15 aunns 2023 p.)

1. BCTYIIL. IIOCTAHOBKA SAZTAYI

Y Y. 1 nanoi pobotu [1] 6yJio moKasaHo, 1110 CTaH KPUXKOCTH Oy Ab-AKOTO
TBEpPIOTO Tijia 03HaUae HecTabiIbHiCTD 1OT0 MiIlHOCTH, KA 3aJeKUTH He
CTiILKM BiJ mpUpoOaM MAaTepisay, CKiJIbKHM Bim cmoco0y #oro maBaHTa-
JKeHHS ¥ 0COOJIMBO BiJ| CTYIIeHs HEOJHOPiJHOCTM HAIPY:KEHOro CTaHy,
CIIPUYMHEHOI KOHIleHTpaTopaMu Hanpy:keHb (KH). ¥V merameBux mare-
piagiB 3aBAAKY HASIBHOCTI Y HUX IIJIACTUYHOCTHU € IIPUPOJHIHN 3aXUCT Bif
soT0 BUAy HecrabimbHOCTH y BUrIALl PCM — pesepBy cTabibHOI Mill-
HOCcTH (abo 31amocTifikocTn) B, [2—-5], 1110 TOTJIMHAE HEOTHOPiAHICTD IO-
JIS HaIIPY KeHb, YUM iCTOTHO IIOM’ AKIITye pyiHyBanbHy cuny KH:

B =—-, 1)

me Sx — icTuHHe HATIPY'KeHHA PYUHYBaHHS, Go,2 — YMOBHA I'PAHUILS
IIJINHHOCTH. AJie I1e MOKJIMBE JIUIIIEe 38 YMOBY, AKIIIO PO3MaX aMILIiTy I
"Heomuopiguoctu HIIC He mepeBuIiye Beanuuny B,.

[T TpUpOAHbO KPUXKUX METAJIB, [0 PYHHYIOTHCA B YMOBaX YHUCTO
Opy:KHiX medopmarliiii, pylinyBanbua edpektuBHicts KH BusHauaeThca
Heii6epoBum KoedimieHTOM KOHIIEHTpAIlil HAIPYKEHb O [6, 7]. ¥V me-
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TaJiB HASIBHICTH pe3epBy MilfHOCTHU B, YacTKOBO a00 IIiJIKOM CIIOTBOPIOE
pyinyBanbay cuny KH, sakigazeHy B cyTo reOMEeTPUUYHUX HapaMeTpax
KOHIIEHTPATOpa Os, TOMY IO B 30Hi JlokaabHOI miaactuunoctu KH ¢op-
MyeThcA clienu(ivHa 30HA JOKAJHHOTO IIEPEHAIPYIKEHHA MeTaly Hal
PiBHEM IpaHUILl IJINHHOCTHU Go,2. SIKIIO KPUTUYHNN PiBEHD IIHOTO IIepe-
HaOpy:KeHHs IIOBHICTIO IOTJINHAE Pe3epB cTabiIbHOCTH MilHOCTHU B,, 11
BUKJINKa€E HecTabilJIbHICTL M'PaHMYHOI MiIfTHOCTH MeTanly Sk i IpusBo-
IUTH 10 KPUXKOI moBediHKu merany mif giero KH. OTixe, y maacTHYHO-
My MeTaJli KOHIIEHTPAaTOp i€ AK e)eKTUBHUI AecTabiysisaTop MimHOCTH
3a PaxXyHOK CTBOPEHOI'O0 HUM JOKAJbHOTO IlepeHanpyskeHHs. Miporo
e(PeKTUBHOCTH IIEPEHAIPY:KEeHHSA MOJKEe CJIYT'yBaTH CIIiBBiJHOIIIEHHSA
IBOX TPAHUYHUX MiITHOCTEH camoro MmeTaiy (Sx) i meTaneBoro Tijia 3 KH
— onr (6co) (OnF — CepeiHE HOMiHAIbHe HAIIPpYsKeHHA PyHHYyBaHHA 3pa-
3xa 3 KH 3a posTaryBanHsa, Gco— 3a 3STUHAHHSA 3pa3Ka):

Oep = K/GNF . (2)

ITapamerep o MOKHA Ha3BaTHU, Ha BiAMiHY Big KoedillieHTa KOHIIEHT-
parii HanpyKeHb O, MOKA3HUKOM PYHHYBAJIbHOI e()eKTUBHOCTH KOH-
meHTparopa Hanpy:keHb (EKH); Mik HUMU € oueBUAHE CHiBBigHOIIIEH-
HA: Qe < Olg.

Crin sayBamkuru, 1mo EKH o.: € ocobuBuM mapaMeTpoM KOHITEIITil
MexXaHiuHOl cTa0iJIbHOCTHM METAJiB, OCKiJIbKN 3aJIeKUTh He JINIIIe Bif
reomeTpuuHux napamerpis KH a6o Big mapamerpis H/IC B 30ui miacTu-
ynoctu KH, aze i Big MexamiuHux BaacTuUBOCTeIl MeTaay. Bojius ocHo-
BHUX MeXaHIiYHUX BJIACTUBOCTEH KPUILb G2 i B, Ha Ol.t CTAHOBUTD 3aJaUy
nmaHoi crarTi; poss unHHUKA HI[C Oyme posrasuayTo B « . 3».

2. MEXAHIYHI BJJACTUBOCTI TA IAPAMETPU MEXAHIYHOI
CTABIJIBHOCTHU KPUIID B, I o«

B po6ori [1] 6yJio mokasaHo, 1110 36iIbIIIeHHS pe3epBy cTabiIbHOCTH Mi-
nuoctu B, xpuii Ha 3paskax 3 KH He 000B’A3K0BO CYIIPOBOIKYETHCA
3POCTAaHHAM KpUTHUYHOro 3HaueHHs PCM mig yac B’A3KO-KPUXKOTO IIe-
pexony B,. npu T¢, KOJIM HOMiHaJIbHE HAIIPY:KEeHHA PYAHYBAaHH 3pa3Ka
3 KH oxr 36iraerhbes 3 rpaHuUIlelo ILIMHHOCTY KPHUIIi Go,2 (puc. 1):

OnrrOco = O+ 3)

YwMmosa (3) 3 ypaxyBauuam (1) i (2) osuauae, 1110 KPpUTEPill KPUXKOCTHU
nasa3paska 3 KH (3) y 6iybin y3araabHeHOMY BUTJISAAL Oyme:

o, =B,. (4)

Kpurnuni suauenna napamerpis EKH i PCM npu T¢ BignoBigzO 6y-
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Puc. 1. TemnepaTypHi 3ajIe;KHOCTI MEXaHIYHIX XapaKTepUCTUK 3aiiza a-Fe (a)i
kpuri 10XCH/I (6) 3a mnanumu [8]. Go2 — TI'paHUIIST IIUHHOCTHA, SK — iCTUHHE
HaIpysKeHHs PyHHYBaHHA, Yk — BiIHOCHe 3BY’KeHH IIiJ 4ac po3pusy, Br— pe-
3epB MiIIHOCTHU, Gco — HOMiHaJIbHEe HANPYsKeHHA PYWHYBaHHA 3pasKa 3 TPiIu-
HOIO.

Fig. 1. Temperature dependences of the mechanical characteristics of a-Fe (a)
and steel 10XCH]I (6) according to [8]. co.2 is yield strength, Sk is true frac-
ture stress, yx is reduction in area when breaking, B; is strength margin, cco
is nominal fracture stress of specimen with a crack.

AYTH Olete = Brc-

B [1] BcTaHOBIEHO JMHUIlle 3arajJbHy TEHAEHIIiI0 IITO0 3POCTAHHSA IIO-
Ka3HUKIB Ot i B, 3 migBUIIIeHEAM B,, ajie Ha 1[I0 3aKOHOMipHiCTB icTOT-
HO BILJIUBAE PiBeHb MIiITHOCTH KPHUIILi Go,2 i ocobsmBo HIIC B 30Hi aii KH.

Huxue 6iabImr geTaabHO Oye PO3TIAHYTO POJIb IIOKA3HUKA MiITHOCTH
Co,2 ¥ Tioro BIJIMBi Ha edeKTuUBHicTL OKpuxuyBanbHoi mii KH (o) i Ha
KPUTEPill KPUXKOCTHU Uepes MOKA3HUK Ot = B,.. Bymemo po3pisuaTu gBa
CIIOCOOM IIi ABUIIEHHSA MiI[HOCTHU O 2 KPHUIlh — BiJl MOHM)KEHHS TeMIIepa-
Typu («TeMIepaTypHUii» cocid), Big Bugy TepMooOpPoOIeHHA Ta XeMiu-
HOTI'O CKJIAAY KPHUIli («CTPYKTYPHUI» cIIocif), ToMy 1110 BijJ criocoby 3Mi-
IMHEeHHA 3aJIe:KUTh iHTeHCHUBHICTL BIJIMBY T'DAHUII IIJIMHHOCTHU Coz HA
HOKa3HUKU pesdepBiB mimuHoctu: Kp (cTabiibHicTh KPUXKOI MiIfHOCTHU
Rue) [9]1 B, (crabinpHicTs B’ a3koi minmaocTu Sk) [10]. Ile HaBoauTs Ha
IYMKY IIPO Te, IO He caMa TeMIiieparypa 1, a CupuYnHeHn Helo 36iJ1b-
IMIeHWH piBeHb I'PAHUI IIJIMHHOCTU KPUIIL Go2 BUKJIUKAE IMOHUKEHHA
noxkasHukiB Ky i B,. Byso mokasano [2], 1110 «TeMIepaTypHUii» crocio
3MiITHEHHSI KPUIlb, KOJU 3 IOHMKEHHAM TEMIIepPaTypu 3POCTa€ JIHIIle
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TPAHUILS IIJIUHHOCTHU Oo,2, 8 KPUXKA MillHicTh Ryc He 3MiHIO€THCA [9],
OPU3BOAUTE IO IIPUIIBUAIIEHOT0 3MEHITIeHH MOKAa3HUKA Pe3epBy cTa-
GimpHOCTH — KPUXKOI MingHocTH K3 [3]:

K, = Buc (5)

Go,2

3a «CTPYKTYPHOTO» CIIOCO0Y 3MIiIlTHEHHA KPUIhL PasoM 3 I'DaHUIIEIO
MJIMHHOCTH G2, AK IPABUJIO, 3POCTAIOTHh OAHOYACHO KpmxKa (Rmc) i
B’sA3Ka (Sk) rpaHUYHi MiITHOCTH; OTJKe, TeMIIN IOHMKEHHA ITOKa3HUKiB
pesepBiB MilfHOCTH 000X BUIIB, AK KpuxKoi (Kg), Tak i B’askoi (B,), ic-
TOTHO 3MEHIITYIOTHCS, 4 TOMY KPUTHUYHI TOKA3HUKHU KPUTEPilo KPUXKOC-
TU KPUIh (3) 3MiIyIOThCS A0 OiJIBIIT BUCOKUX 3HAUEHD G 2c-

Ha pucyury 1 npeacraBieno omep:kani B pobori [10] TemnepaTypHi
3aJIeKHOCTI MeXaHiUHMX BJIACTHUBOCTell apMKo-3ajisa (o-Fe) Ta kpui
10XCH/I Ha rmagkux 3paskax (Co,2, Sx) i Ha 3paskax 3 TPill[UHOIO BTOMU
3a 3TUHAHHA (Cco — HOMiHaJIbHe HANIPY:KEHHA PYWHYBaHHA), AKUX J1O-
CTaTHLO, 1100 OI[iHNTY IOTPiOHI mapameTpu B, 1mo (1) i o mo (2).

Ha pucynry 2 maBemeHo pesysibTaTu O0paxyHKY mapamMerpiB Pceu i
Exu nna mocaimxenux B [10] Tprox metaniB — a-Fe, kpuis 10XCH]T i
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Puc. 2. TemmepaTypHi 3ajieKHOCTI pesepBy MimHocTH (31amMocTiiikocTu) Br
(kpuBi 1-3) i KoedimienTa eeKTUBHOCTY HATIPYKEHHA Oef (KpuBi 1a—3a) naa
Kpunb: I — 3aiiso (a-Fe), 2— 10XCH]I, 3 — AK-35 (3a zauumu pobortu [10]).
B,— 1 rmagKuX 3pasKiB; Olet — JJIS 3PAa3KiB 3 TPIIIIMHOIO BTOMU.

Fig. 2. Temperature dependences of the strength margin (break resistance) B
(curves 1-3) and of the effective coefficient of stress raise ot (curves 1a—3a)
for steels: I—iron (a-Fe), 2—10XCH]I, 3—AK-35 (according to [10]). B—for
unnotched specimens; a.t—for specimens with fatigue crack.
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AK-35, aki cuabHO BiApisHAOTHBCA MinHicTIO (0o2=140, 310 i 1027
MIla BigmoBigHO), 3a BEIUKUX MOKA3HUKIB MJIACTUYHOCTH TA MiITHOCTH
(B,=5,312,3 gna T.=300 K).

3 pUCYHKY 2 BUIHO, IO 34 «TeMIIEPATYPHOT'O» CIIOCO0Y 3MiITHEHHS
KPHUIb Ma€ Miclle MOHOTOHHE MOHMKEHHS pe3epBiB cTabiJIbHOCTH Mill-
HOCTH B,, ajJle cIocTepiraeTbcs 30BCiM HEMOHOTOHHUH i AEIN0o XaoTh4-
HUH XxapakTep 3MiHU e()eKTUBHOCTY PYHHYBAJbHOI Ail KOHIIeHTpaTOopa
0. B 30HaX cTabinbHOI MimmHOCTU (ONF > Co,2 1A T > T¢) TOKA3HUKYU Olet
pisHuUX 3a MinHicTIO KpUIlh (11.11. 1a—3a Ha puc. 2) B 1iJoMy KOPEJIIIOTH
3 BigmoBigHUM piBHeM B,, Tak caMo AK i kputuuHi 3HaueHHA EKH oLt
nasa BignoBigaux Te. B mamomy BumagKy pyldHYyBaJibHa e(peKTUBHICTH
KH, aky npexacrasieno Koedimiearom epexktusHocTr EKH oct, perysio-
€ThCA B OLJIBIIiN Mipi BeanmumHOO B,, TOOTO pe3epBOM MiITHOCTH, a He
BEJIMUYMHOIO CaMOl MiIfTHOCTH Gy 2. Haragaemo, 1o came pesepB MillHOCTH
B, Bigobpaskae Mipy IIJIaCTUYHOCTH CTOIIY B IIOEIHAHHI 3 BJIACTHUBiCTIO
IedopmaliiiHoro sMiIfHeHHS 1 THM caMHM HaZae MoMy OCOOJIMBY BJiac-
TUBiCTb — 3J1aMOCTi#iKicTh [2—-5], AKa 3abesmeuye BupoOy 3 KH zaxwucr
Bim xpuxxocTtu. OT:Ke, 31aMocTifikicTs (B,) Bigirpae cBoo 3aXUCHY POJIb
3a PaXyHOK BJIACTHMBOCTH ILJIACTUYHOCTHU Ta BigoOpasKae Iie y mIpAMOMY
KijgpKicHOMY BUMipi B,.

Bisbin BupasHo posib MiITHOCTH B OKPUXUyBaIbHiM epekTuBHOCTI KH
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G, MIIa
Puc. 3. 3anexxnocti mapametpiB B (kpuBi 1, 2, 3) i ot (kpusBi 1a, 2a, 3a) Big
MimHOCTH Go,2 Kpullb: I — a-Fe, 2— 10XCH]I, 3 — AK-35 (3a [10]). Ilapame-
TEP Olef IJI51 3PA3KiB 3 TPillIUHAMY BTOMU.

Fig. 3. Dependences of the parameters B; (curves 1, 2, 3) and o.t (curves 1a,
2a, 3a) on yield strength co.2 for steels: I—a-Fe, 2—10XCHI, 3—AK-35 (by
[10]). Parameter ot is for specimens with fatigue crack.
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3a IBOX CIIOCO0iB HMiABUIIEHHA ITOKA3HUKA MiITHOCTH KPUILi Go,2 BUABJISA-
€ThCA, SAKIMO 3MiHY ITapaMeTpa Oes IPOAEMOHCTPYBATH B KOOpAMHATAX
«OLet—00,2» (puc. 3). YiTKo BuaHO, 110 BucoKoMimua Kpumsa AK-35
(00,2 =1027 MIIa) mano Bimpisuserbca Bixg xpumi 10XCH]II (co,2=310
MIIa) KpUTUUYHUM 3HAUEHHSAM Olef., TOMY IO B, IJd HUX CKJIaJae BeJIU-
yuau 2,5 i 2,0 BimmoBimHO, MpuUYoOMy KPUTHUHE 3HAUEHHSI MiITHOCTHU
Go,2c A T pisuaThbea ny:xe cuabao — 1100 i 420 MIla (puc. 3). OTixe,
POJIb MIiITHOCTH B OKPUXYEHHI KPHUIIi HE € IIPAMOIO, a OIIOCEPETKOBAHOIO
—yepes pe3epB MigHOCTH B,

s mopiBHAHHA Ha puc. 4 HaBeJeHO aHAJOTIYHI 3aJie:KHOCTI mapa-
MeTPiB B, i 0t 38 «CTPYKTYPHOTO» CIIOCO0Y 3MiITHeHHSA KPUIL 3a KiMHa-
THUX Temiuepatyp Tx. HeoboxigHi myis 1iboro BeauuuHu B, i o 0yaIu pos-
paxoBaHi HaMU AJIS KPUIb Pi3HUX BUAIB KJIACIiB MiITHOCTH (BKJIIOUAIOUN
i 3BapwHi 11BM), 3BeIeHUX B OIJIAAOBii pobori [11] 3a JaHMMU eKcIiepu-
MEHTAJTbHUX AOCTiAKeHb pisHMX aBTOpiB (Tabi. 1). B sramawniii pobori
[11] BuKOpHCTOBYBAJKCA JaHi 3 ITUTOBAHUX POOIT, Ae Oy HaBeIeHi He-
00XifmHi OIS HACTYIIHOI aHAJIi3M MOKA3HUKM MIiITHOCTH Go,2, Sk i HATIPY-
JKeHHSA pYHHYBaAHHS Geo HA 3pa3Kax 3 TPilllMHOI0, IPU3HAUYEHUX JIJII BU-
3HaUeHH ITIOKa3HUKiB Tpimunoctiiikoctu K. [12].

PesyabpraTy podpaxyHKY BeIMUUHU B, i Ot AJIA KPUILh PiBHOI MiITHOC-
T HaBeJIeHo B Tabi. 1, samos3uueniit 3 poboru[11], e 6yu pospaxoBaHi

0 400 800 1200 1600 2000 2400

Gy 42 MIIa
Puc. 4. 3anexuicts mapametpi B (1) i aet (2) Bixg mimuOCTH G0,2 1151 T = 300 K
IJis KPUIlh Pi3HOTO CKJIAAY Ta PiBHUX BUIIB TePMOOOPOOJIEeHHS 3a JaHUMU PO-
6otu [11]: 1 —raangki 3pa3ku, 2— 3pasKu 3 TPiIIMHOIO BTOMMU.

Fig. 4. Dependences of B- (1) and ot (2) on yield strength coz2 at T« =300K for
steels of different composition and for different types of heat treatment (accord-
ing to[11]): I—for unnotched specimens, 2—for specimens with fatigue crack.
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TABJINIIA 1. MexaHiuHi BJIaCTHBOCTH KPHUIh i 3pasKiB 3 TpimuHo0 3a 3rury [11].

TABLE 1. Mechanical properties of steels and specimens with crack at bending.

n']j‘-n KC O6pobieHHA 13[01'-;;1 “é}z’ 1\’/?11-{[% B: 1\(,}&3%1 Bico | Oet
1 AK-35[2] Cras nocTaBKU 1027 | 75,0 | 2321 2,26 |1820|1,83 | 1,23
2 o-Fe[2] I"1323 K, 2rox. ITO 138 83,8 | 700 | 5,07 | 290 | 2,10 | 2,41
3 10XCHI[2] I'1373K, 2rox. ITO 312 | 72,0 | 920 | 2,95| 590 | 1,88 |1,56
4 Cr.3cn. [2] T'1373K, 2,75.110 160 | 71,7 | 502 | 3,14 | 307 | 1,92 | 1,63

T'1373K,
5 lrox.+BIT1023 K, 16roz.;| 870 | 23,0 (1583|1,82|1220|1,40| 1,3
! 923K, 10 rox.

——10X15H27T3B2MP[ 3] T1373K,

6 lrox. +BII 1023 K, 16 rox.; 880 | 10,0 [1443|1,64 | 713 | 0,81 | 2,02

923K, 10rox. + H,
T'1393 K, 1rox.+BII1 953K,
2ron.

1273 K, 1 rox.; 1023 K,
2ron.+BII 773 K, 2 rox.
T'1373K, 15xB.; 1023 K,
2ron. +BII 773 K, 2rox,.

7 | 16X12H2M®PAB[4] 940 | 62,0 1983 | 2,11 {1580 1,68 | 1,25

8 | 03X12H10MT[4] 940 | 79,0 |2670|2,84|1740| 1,85 | 1,53

9 03X12H10MT[4] 930 | 76,0 | 2325 2,50 |1655|1,78 | 1,40

10 TIAHB0, lmap | 430 | 67,5 | 1360 3,16 | 2830 1,92 | 1,64
11|  cmxrs[2] TIT.AH30, 2mapa | 361 | 60,7 | 1444]3,17| 700 | 1,94 | 1,63
12 TIT.AH30, 3mapa__| 404 | 51,9 | 1252]3,10] 776 | 1,92 | 1,61
13] R 48-AHK-54, BII=0,0 | 622 | 59.9 | 1244 2,00 | 970 | 1.56 | 1.28
14 Te s, BIT=0,001 623 | 55,6 | 1160 1,86 | 890 | 1,43 | 1,30
(15| CHT1ZXH2MAPIZ] — - "Bi—0,0022 | 628 | 68,1 1281 2,04 | 1005 1,60 | 1,27
16 e s, BIT= 0,004 642 | 67,9 1400 2,18 | 1117| 1,74 | 1,25
17 20X [5] BI4T3 K 1150 53,9 | 1932 1,68 | 1276 1,11 | 1.51
18] T1113K+ BII423 K, 2ron| 1860 16,5 3050 | 1,64 | 930 | 1,50 | 1,00
T1113K + BII4T3K,
19] 50X [5] Sron 1920 46,7 |3150 | 1,64 | 1152 0,60 | 2,73
B T1113 K+ BII673K, 2ron| 1560 | 48,6 | 2530 | 1,64 | 1248 0,80 | 2,05
21 T1113 K+ BII 773K, 2ron| 1200| 57,2 | 1980 1,65 | 1080] 0,90 | 1,83
21 o BIMO+BIT473K | 1760] 53,0 | 2870 1,63 | 774 | 0,44 | 3,70
23 BIMO+BII573K | 1690] 55,0 | 2770 1,65 | 900 | 0,53 | 3,11
(73 [— BIMOBIT573K | 2205 | 38.0 | 3594| 1,63 | 433 | 0.21 | 7.76
25 BIMO+BII 773K | 1570 40,0 | 2575| 1,64 | 723 | 0,46 | 3,56
26 TIX15[5] 31133K+BI473K | 2120] 3,6 | 3460 1,63 | 1502]0,07 | 23,2
27|  24XHOM®A [5] r115311c5+P13£19131c, 765 | 73,5 | 1920 | 2,51 | 1362| 1,78 | 1,41
28 65D [5] CTaH IIOCTABKU 700 | 28,0/1183|1,69| 800 [1,14 |1,48
29| 10XCHII[6] BEJIOB TIDOKATY 419 [69,7 | 1223 2,92 1020 2,43 | 1,20
30| 10XCHI[6] TIOTIEPeK TPOKATY 445 | 73.7]14003.15 | 1175 2.64 | 1,19
31 B3JIOBK IIPOKATY 571 | 65,6 |1290| 2,26 |1050|1,84 | 1,22
3g| 12T2M®T[6] [IOTIepeK IOKaTy 602 | 58,4 1282 2,08 | 975 | 1,62 | 1.25
33| 15XCHI[T] CTAH HoCTABKM 328 [68,0 | 1046 3,19 | 880 | 2,68 | 1,19

Mpumitku: I' — rapryBauus; [10 — miuxe oxonomxkenus; BII — Bignyck; H2 — Box-
HeBe cepenoBuillie; 31 — 3Bapuumit mos; I1J] — mopomkosuit npiT; K@ — repamiunumi
uaroc; B — Bmict Bopy; BTMO — BucokoTemmepaTypHe TepMiuHe 0OOpOOJIEeHHS,
IBrco = 6co/c0,2. Ludpu nocunans B Kosnouni KC HaBegeno B po6ori [11].

MOKa3HUKHU B, 3a eKCIepUMeHTAJbHUMHU JaHUMU IITMTOBAHUX IKepel,
BKazauux y KosoHii KC (ta6xa. 1) s[11].
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Hamu B Tabinifio 1ogaHO KOJOHKY O.t, BUPAXYBAHY 3 BeIWUYMH Sk i
Gco 3a opmy.ioio (2).

PucyHOK 4 nminTBepAKYye BUCHOBOK PO CIIOBIJILHEHUI XapaKkTep 3Mi-
HU mapaMeTpiB B, i O Y HOPiBHAHHI 3 «TeMIepaTypHUM» CIIOCOO0M
3MiIlHEeHHS KpUIb (puc. 3), a TAK0K IIOKa3ye, 1110 Ha 3pa3Kax 3i cranga-
PTHOIO TPiIITMHOIO BTpaTa CTabiJIbHOCTH MIiITHOCTH Gco HEMUHYyYA IJIA
BUCOKOMIITHUX KPHUIb HABITh HAWBUIIOI KOHCTPYKI[IHOI SKOCTHU TUITY
AK-35 B:Ke 3a KiMHaTHUX TeMIepaTyp (IUB. TOUKY HepeTuHY KPpUBUX B,
1 Oles TIPU Gp,2 = 1200 MIla; puc. 3).

MosxkHa moMiTHTH BiAMiHHiICTBE y XapakTepi sMiHuU eheKTUBHOCTHU
pyuryBanabHOl Aii KH (0er) 3 HAONMMKEHHAM OO0 KPUTUYHOTO 3HAUEHHS
Olete U¥ B, Ha IBOX PUCYHKAX — 34 «CTPYKTYPHOT'0» CIIOCO0Yy 3MiITHEHHS
(puc. 4) mapamMeTep Ot HAOIMIKAETHCA O KPUTUUHOTO Olef, YK€ MOBiJIb-
HO Ta JINIle B 3aKPUTUYHIN (KpUxKiii) o0sacTi HecTabimbHOI MilTHOCTH
MOYMHAE CTPiMKO 3pocTaTu. 3a «TeMIepaTypPHOro» CIoco0y 3MillHeHHA
Kpuib (puc. 3) me spocranisa EKH (o.:) mounHaeTbcd mie Ha JOKPUTHY-
Hilt cTanii crabiabHOCcTH MinmHOCTH Tisa 3 KH (onr; Gco > Go,2). 3aBOAKU
IIBOMY OXOJIOMKEHHS KPUIl iCTOTHO NPUMIIBHUIAINYE KPUTUUYHUUN CTaH
KPUXKOCTH MEeTANY (Clete = B,.) (puc. 3). Came ToMy y IPaKTUUHOMY Ma-
TepiAso3HABCTBI HaOyaIu MOINMUPEHHA TaKi MeToaM aTecTallii cTOImiB Ha
iXHI0 KPUXKiCcTh, AK PYHHYBAHHA 3pas3KiB 3 KOHIIEHTPATOPaMU 3a IIO-
HUMKEHUX TeMIIepaTyp 3 BUSHAUEHHAM KPUTHUYHOI TeMIlepaTypu KPUX-
Ko-B’sisKoro nepexony Tc[13].

TemmnepaTypHuii BUMip KputuaHoro crany (T¢) 3SpydIHUI CBOEIO ITPOC-
TOTOIO Ta HAOUHICTIO, aJjie M030aBeHUI IPUB’ A3KY 10 MeXaHiUHUX BJIa-
CTHUBOCTEH, a OTIKe, IJId KOXKHOTO0 KOHKPETHOrO CTONY MOKasHUK 1'¢c Mae
CYTO iHAMBiAyaJIbHY BEJIMUUHY, AKY BaKKO ITOPiBHIOBATHU 3 iHIITUM CTO-
IOM.

Tomy KpuTepii KPEXKOCTHU CTOIIIB, IIPUB’ I3aHi 70 KPUTUUYHUX TOKAa3-
HUKiB MeXaHiYHMX BJACTUBOCTEM, TaKMX AK MinHicTh (3) abo peseps
minuOoCTH (4), € 3aBioMO OiMbIN YHiBepcaTbHUMU U iHPOPMATUBHUMU.
30KpeMa, MOKHA CTAaBUTH 3aJauy AOCJJIUTH BILINB MIiITHOCTU Go s a00
3JlaMoCTiiKocTy B, Ha 3aKOHOMIipHICTh 3MiHM ITOKa3HUKA OKPUXUYBa-
abHOI 7ii KH o.. Ile — 3agava GpyHZaMeHTANIBLHOTO PiBHA, AKY HEMOMXK-
JUBO 3OiMCHUTH CTOCOBHO IIOKAa3HMKA KPUTHYHOI Temueparypu T,
OCKiabKM T¢ € YyTJIMBOIO He JIUIIIE A0 PiBHSA MIiITHOCTH CTOILY Go2, a ¥ IO
HeJiHiHHOCTHU TeMIIepaTyPHOI 3aJIe;KHOCTH MiITHOCTH Go,2(T).

3. BIIJINB MIITHOCTHU HA KPUTHYHI ITAPAMETPH
KPUXKOCTH METAJIEBUX CTOIIIB

Kpurepiit kpuxxoctu (4) MeTasiB y BUrasani 6e3po3MipHuX mapaMeTpiB
PCM (B,) i EKH (0.er) MOXHA BBaKaTH HA61IbIN YHiBEePCAJILHUM, OCKi-
JILKY BiH MicTHUTBE B c00i AK TeMnepaTypHuii kputepiit T'= T¢ (puc. 11 2),
Tak i KpuTepiit KpurTuuHOl 3jamocTrifikocTu B,=B,. (puc. 2 i 3) uu To
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KPUTUYHOI MiITHOCTH Go,2 = Go,2c (puc. 3), AKi 1o cyTi € OKpeMUM BUIOM
OiJIBINT 3aTaIbHOTO KpUTEPito B, = d.r. KOXKeH 3 OKpeMux KpuUTepiiB Bizo-
Opaskae CBOIO BJIaCHY O3HAKy BTPaTHU MeXaHiuHOiI crabimbHOocTu (TOOTO
KpuUxKocTu Kpuili) — remueparypy (Tc), KpUTUUHUI pe3epB MillHOCTHU
(B;.) a00 KPpUTUYHY MIiITHiCTh CTOITY 3 JaHUM BUAOM HEOJHOPiJHOCTU II0-
JIsT HAIIPYKeHb, i IIi 03HAKM He 000B’A3KOBO MOXKYTh Y3TOMKYBATHUCS
omHa 3 iHmrolo. Hampukiaanm, Ha puc. 2 BUAHO, IO 3a TeMIIEPaTyPHOIO
03HAaKOI0 KpuxKocTu T¢ Ha 3pasdKkax 3 TPiIIUHOIO KPaIllM MaTepPisaIoM €
o-Fe (T¢z140K), mnatiripmum — BucoKoAKicHa Kpuima AK-35
(T¢=180 K). Ane 3a KpuTepieM KPUTHUYHOI 3JIAMOCTiHKOCTU B, = O,
HaBmaky, kpuitda AK-35 € Haftkpamom (et = 1,9), a a-Fe mae mokasuuk
Oere = 2,7. Haramaemo, 1110 3a BUBHaAUEHHAM (2) Olof € TOKA3HUKOM OKPUX-
yyBaibHOl edekTuBHOCcTH KH, T0OTO Hackinbku cuabuo KH mormxKye
HaNpy:KeHHA PYHHYBaAHHA Onr BiJHOCHO T'DAHMYHOI MIITHOCTH MeETaJIy
Sk: Olet=Sx/0onr. OTIKE, UMM HIMIKUE IIOKA3HUK Olf, TUM MEHIIIe HeOIHOpPi-
JHICTD IOJA «IICYE» TPAHUYHY MIiITHICTH MEeTasIy i TMM MEHIIIe IIPOSBIIAE
cebe okpuxuyBasbHa gia KH. To6To 3aB:xau OaxxaHO MaTyu HaWHMMKUE
3HAUEHHS Of. 34 pucyHKoM 2 Takumu € Kpuiii AK-35 i 10XCH/I, a 3a
TabJ. 1 — Kpwuri Bignosiguo no .. 1, 5, 7, 23, 30, 33.

OT:xe, aTecTallis CTOIIIB MIOA0 IXHBOI CXMJILHOCTHU A0 OKPUXUYEHHS Bif
nii KH 3a o3makoo T He 3aB:KIU BimoOpaskae KOHCTPYKIIIMHY SKiCTb

3,2 -

2,8
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Puc. 5. 3anexuicts KpuTuuHuxX napaMmerpiB Bre (Qete) aast Tc Bixm mimaOCTH
KpUIb Go,2 Ha 3paskax 3 pisHuMmu Bugamu KH: e — rpimunua Bromu (3a [10]), o
— Kinbuesuii Hagpizsa[11], A —3a[15].

Fig. 5. Dependences of the critical parameter B (det) at Tc on yield strength
co.2 for specimens with various SR types: e—fatigue crack (by [10]), o—
circular notch (by [11]), A —by[15].
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200 KOHCTPYKIIIMHY IPUIATHICTE CTONY AJIS HALiMHOrO HeCeHHs po3pa-
XYHKOBUX CUJIOBMX HaBaHTa)KeHb. [IpaKTWuHa KOPHCHiICTH Iapamerpa
Tc 1o TeBHOI Mipu MOKe BUABUTHUCA B TUX BUOAAKaX, Koau T¢ 3HAXO-
IUThCA OesmocepeaHbo B 30HI KjaiMaTuunux (T) abo eKciayaTaiiiiHmx
(Texen) TEMIEPATYP, A€ 3arp0O3a BTPATH EKCIJIyaTAIliliHOI IPHIATHOCTH
CTOITY CTA€E OUEBUIHOIO.

B mromy BigHOIIeHHI 0iabI iHGOpMATHBHMMU MapKepaMu B’ sI3KO-
KPUXKOTO Mepexoay MOKYTh CTaTH KPUTUYHI MTOKa3HUKH, III0 IIpeacTa-
BJISIOTH II€BHI MexaHiuHi BaacTuBocTu cTony B ymoBax aii KH 6esmoce-
penHbo 3a TemuepaTtypu Tc: Go,ac, Bre (Oletc). MOMKINBOCTI IIPAKTUIHOTO
3aCTOCYBaHHSA MUX MEeXaHIYHWX IIOKA3HUKIB B aTecTalil KOHCTPYKIIii-
HOI IPUIATHOCTY METAaJeBUX CTOMNiB MOTPEOYIOTH OKPEMOT0 PO3TJIALY, a
TYT MU TOPKHEMOCS JIUIIE BILIMBY MIiI[THOCTH G,z i 3/1aMmocTifikocTu B, Ha
KPUTHUYHI TOKA3HUKY B, (Cet.).

OkpeMi nuTaHHA BIJIUBY Pe3epBYy MillHocTH B, HA mapaMeTpPUu KPUX-
Koro crany T¢ i B,. paHiliie posriAgaancs B Hallii podori [14] is 3axy-
YeHHAM AaHUX 3 goBigHmKa [15]. PesyabraTtu poboru [14] maroTs 3mMory
BimoOpasuTu 3aJeKHiCTh Bil MiITHOCTH Go2 KPUTUYHOTO MapaMeTpa Olet.
(B:.) (puc. 5). Ilinkom JioriuHO, 110 KPUTUYHI 3HaUueHHA B, Tak camo
MOHMKYIOTHCA 3 MiIBUIIEHHAM Go,2, AK i B, i 0t Ha puc. 4, ajie pO3KUI
NOKa3HUKiB B, 3HauHO Oijbinuii, a”ik maa B,, 110, 0e3yMOBHO,
moB’si3aHe 3 BILIMBOM IIJIACTHYHOCTH (TOUHiIIIe, 31amMocTifikocTu B,) Ha
B,.i, BimmoBigHo, Ha KpuTuuunii mokasuuk EKH o.s..

4. SAROHOM_IPHOCTH BHJII/IBBZ PE3EPBY MIITHOCTH
(BJIAMOCTIMKOCTHN) B, HA PYHUHYBAJIbBHY EOEKTUBHICTH
KH Olef

IlnmacTuuHicTs € APyroro HaWBaKJIMBIIIIO MEXaHIYHOKI BJIACTUBICTIO
MeTaJIeBUX CTOIIiB, SKa IIiJIKOM 30cepe:KeHa B pe3epBi mimuocTu B, 3a
(1); Tomy 6yOb-AKYy IPOOYKTUBHY aHAJi3y POJIi MJIACTUYHOCTHA B MeXa-
HiUHIiA DOBemiHII MeTaJleBUX TiJ JOBOAUTHLCS BUKOHYBATHU B IIapaMer-
pax ysarajJibHeHOi XapaKTePUCTUKYU IIJIACTUYHOCTU — 3JIaMOCTiHKOCTHU
B,[1-5,11-14].

Ha pucyaKy 6 3a1eXHOCTi mapaMeTpa O.¢ BiJ MiIITHOCTH Oy 2, 110 OyJIH
npeacTaBjeHi Ha puc. 3 i 4, mepedbygoBaHO B KOOPAMHATAX «Oler—B,».
ITomiTHO, 1m0 XapaKkTep KPUBUX 3MIiHU Oef AJIS «TE€MIIEPATYPHOT'O» CIIO-
co0y 3MillHeHHA IIPUHIIUIIOBO He 3MiHUBCA (MOpiBHATH KpuBi 1a, 2ai 3a
pucyHKiB 3 i 6), ToAi AK IJiA «CTPYKTYPHOTO» CIIOCO0Y 3MiIlHEHHS KPU-
Ba 2 Ha puc. 6 BrpaTuja Toii po30ir MOKa3HUKIB O, IIT0 OYB Ha ii 3aex-
HOCTi BijJ TOKa3HMKA MIiITHOCTHU Go,2 (puc. 4). Ile o3Hauae, mo came pe-
3epB MingHOCTHU B,, a He caMa MiIlHiCTb Gy 2 BU3HaUae e(peKTUBHICTD PYH-
myBaabHOI Oii KH o.:. BoopsaakoBauuii Buraan kpuBux la—3a Ha puc. 3
JIUITIE TiATBEePIKYE el BUCHOBOK.

IlinmkoM 3po3yMmisio, AKIIO0 B 3aJ€KHOCTAX BiJ pesepBy MiITHOCTHU
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Puc. 6. 3anexuicts Koedimienra EKH o.t Bix pesepBy minuoctu Br. Kpusi 1a,
2a, 3a — Ba «TeMHmepaTypHOTO» cmoco0y sMinmHeHHs Kpullh o-Fe, 10XCH]I i
AK-35 Bigmosimuo (3a [10]). 2 — CTPYKTypHUH BOJANB HAa MIIIHICTH Go,2 3a
T« =300 K 3a paxyHOK CKJany Kpulli Ta Tepmoobpobserua (3a [11]). Hudpu
0inA KpUBUX — IO3HAYKY PiBHA MiITHOCTHU Go,2 (Tabii., KpuBa 3; puc. 2, Kpusi
la-3a). 3 — niHisa KpUTUUYHOrO IIepexony Bix crabinbuoi (A) mo HecTabiJibHOL
(B) mimHOCTY 3pa3KiB 3 TPiIlHOIO BTOMMU.

Fig. 6. Dependence of coefficient oer on the strength margin B;. Curves 1a, 2a,
3a—at the ‘temperature’ method of hardening for a-Fe, 10XCH]I and AK-35,
respectively (by [10]). 2 shows the structural influence on yield strength co.2
at Tx =300 K due to the steel composition and heat treatment (by [11]). The
numbers next to the curves are the strength level co.2 marks (Table, curve 3;
Fig. 2, curves 1a—3a). 3 is the critical transition line from stable to unstable
strength of specimens with fatigue crack.

BIIOPAAKOBYIOTHCA MAPAMETPU COlef IJIA KPUILh PiBHOTO KJacy MiIlHOCTH,
TO I KPUTHUYHI ITOKA3HUKU Olet., 1[0 HA PUC. 5, MAIOTh TE€K BTPATUTH CBiii
posobir, m1o 6ys0 mokasano B[1].

Takum YMHOM, aHAJi3a eKCIIEPUMEHTATBFHUX TaHUX BKa3ye Ha Te, 110
3 IBOX TOJIOBHUX MeXaHIUHUX BJIACTHUBOCTEH MeTasly, — MiIIHOCTHU Ta
MJIACTUYHOCTHU, — POJIb UNHHUKA, II10 Per'yJoe e()eKTUBHICTL OKPUXUY-
BasnbHOI 1il KH 0., HaIEKUTH pe3epBy MillHOCTH B,, TOOTO IOKA3HUKY
IJIACTUYHOCTH, ajie He B IpocToMy Aedopmaltitinomy BuMipi (8p, Yk), a B
ysarajbHeHili (opMi y BUIJIAAI BJIACTHUBOCTHM 3JaMocTiiikoctu (B, 3a
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(1)).

Ha pucyary 6 gisroHaabHa mpaMa 3 AJIsI YMOBH Ot = B, ZiJIUTh IIpoc-
Tip PUCYHKY Ha [IBi IpoTuJae:KHi 30HU: B 30HI B poaminieHi nmosnauku
Ot > B, 03HAUAIOTh, IO BiANMOBiAHI pPiBHI MIiITHOCTH KPHUIIL Go2 HE MO-
KyTh OyTu vy 3pasky 3 KH, Tomy 110 HOMiHaJIbHe HAIPY:KEeHHA PYHHY-
BaHHSA 3pas3Ka Oco < O¢,2. B paMKax KOHIIeII[il MexaHiuHoi cTabiabHOCTH
MiITHOCTH ITe 0O3HAUa€ HeCcTabiJIbHICTh MiIlTHOCTY PYHHYBAHHS Gco.

B ormamosiit poboti k. Horra [16] Takuit cTan KBamriikyeTbcsa K
KaTacTpodiune «IIBUIKe» PYHHYBAHHSA, IO CBiIUUTL IIPO HEIPUIAT-
HiCTh KPHUIIi AJIA KOHCTPYKILii namoro tuny. HaBoaku, B 30HI A (0.t < B,
Gco > Op,2) PO3TAIIIOBaHA 30HA CTA0iIbHOI MiITHOCTH Gco, IKA BiAIOBiTHO
1o [16] o3mauae peryJasspHUM BUJ «IIJIACTUYHOTO» PYHHYBAHHS BUPOOY
BHACJIiJOK eKCTpeMaIbHO HaIJIUIITKOBOI'0O IepeBaHTaKeHHs Tija.

Bnacue, monin ma BKasaHi ABa BUAM TUIIIB PYUHYBaHHA MeTaJIeBUX
00’€KTiB € TeXHIUHO BUOPaBAAHUM i OiJIbII 3p0o3yMianM, aHiK IOIiI Ha
KpuxkKi Ta B’a3Ki Buau pyiinysaumusd. Koumeniia Mmexaniunoi cTabiib-
HOCTH MiIITHOCTU, BUKJaJleHa BUIIlE, HAJA€ TAKOMY IOMiJIy BUIiB PYHHY-
BaHHJ (3a aBTOpOoM [16]) meBHOTO (hisuuHOrO0 3MicTy. BinbIme Toro, B ik
KOHITENIil 3aKJIaeHO MOKJINBICTh 3aIIPOBAIUTH CUCTEMY BiIJIiKy Mipu
KOHCTPYKI[IHOI IPUAATHOCTY METAJEBOT'0 CTONY Y BUTJISALL KiJIbKiCHO-
To IIOKasHMKa KOHCTPYKIIifiHOI npuxaTHocTH (IIKII) cTomy miia Bupobis
MEeBHOTO KJAacy BiITOBiZaIbHOCTHY 3a CUJIOBY HANIMHICTDH €JIEMEeHTY KOH-
CTPYKILii. AJle 11g TeMa moTpedye OKPEeMOro PO3TIALY.

B Y. 3 mukay pobiT 3 KOHIIEMI[il MexaHiuHol cTabiJIbHOCTH MeTaJiB
O0yme posrianyTo poab unHHUKIiB HIIC v okpuxuenni mig giero KH.

5. BUCHOBRH

1. PytinyBanbHa edpexTuBHicTs KH Bu3HaUaeThLCA TApaMETPOM Oler, Hif
AKOTO IPOABJISIETHCA uepes paxkTopu Aedopmaitiinoro (B,) i IpyKHLOTO
(j) mepeHanpysKeHHs B 30Hi ILJTAaCTUUYHOTO Ae)OpMyBaHHA 01/ KiHUMKA
KH. Benuuuma o € MipoOI0 CIiBBiZHOINIEHHS iCTUHHUX HAIIPYKeHb
pyiiHyBaHb riagkoro 3apaska (Sk) i s3paska 3 KH (oxr): Ot = Sk/Onr.
2.3axucT MeTany Bifl KPUXKOCTU 3MiMCHIOETHCS 34 PAXYHOK pPe3epBYy
minmaOCTH B, = Skx/C0,2, B MEKaX AKOTO peaidyioThca (GaKTOpH IIepeHa-
npy:keHHA — AedopMmartiiinoro (B,) i mpy»KHBOTO (), 1110 IPOABIIETHCA
Y BeJIMUYMHI IMapaMeTpa Oet. KPUTHUHNN B A3KO-KPUXKUHA mepexim Imifg
niero KH Bu3HAUaeThCA KPUTEPIEM O.r=B,, IpUUOMy caMi mapameTpu
Ha0yBAIOTh KPUTHUYHOT'O 3HAUEHHS Olot = Be.

3. Ko:xxeH 3 mapaMeTpiB MexaHiuHOI cTabi/IbHOCTY Ma€ BJIACHY 3aJIeiK-
HIiCTh BiJ MeXaHIYHMX BJIACTUBOCTEHI — MII[HOCTH Ta ILJIACTUYHOCTH
(31amocTitikocTi). 3J1aMOCTiliKicTs B, 3 HMiABUINEHHAM MiITHOCTH Gy,
CIIazla€, a O, HABIAKH, 3POCTAE, OCOOJIMBO BUPA3HO AJIA BUCOKOMIITHUX
Kpuis (co,2 > 1000 MIIa) 3 Hu3bKOIO 371aMocTifikicTio (B, < 1,6-1,7).

4. KputuuHi sHaueHHA mapaMeTpiB By, i Ot MAIOTh MOAIOHY, ajie Haba-
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raTo cJjadIly 3aJieKHicTh Bij MimHocTH. [[JId BHUCOKOMIIIHUX KPHUILD
KPUTUYHI 3HAUYEHHSA Olere 1 By TOTOXHI HAaABHUM ITIOKa3HUKaM 3JIaMO-
critikoctu B,<1,6-1,7 i maixo mpumaTHi OJs OMiHIOBAHHSA KOHCTPYK-
MiAHOI MPUAATHOCTH KPUIb 3a HaaBHocT KH.

5. HeBupasHa 3aJIe;KHICTh KPUTUUHUX 3HAYEHD B, 1 Olet. BT MeXaHIUHUX
BJIACTUBOCTEM Go 2 i B, 03HaUaE, 110 KPUTUYHI TOKa3HUKY B3araJii BTpa-
YalOTh CBOIO MPAKTHUYHY BATOMICTh [Jis CHUCTEMM aTecTallil Kpuilhb Ha
KPUXKiCTh Y MOPiBHAHHI 3 O1JILIIT BUPA3HUMU HAIBHUMU IMOKA3HUKAMU
B, i 0.t 6e3mocepeHBO 3a TeMIIepaTyp eKcmayaTamii BUPOOiB Texen. Came
el KOMILJIeKC MeXaHiuHNX XapaKTepUCTUK YTBOPIOE BiAMMOBIZHUN MHO-
Ka3HUK KOHCTPYKIIIMHOI IPUAATHOCTH KPHUIlh, AKUU ITOTPedye OKpeMo-
ro posraaxny (aus. «4. 3»).

dinancyBanna. Pobory BukoHaHo 3a ¢inancoBoi migrpumku HAH Vk-
paiuu (peectpariiauiit Homep Temu 0121U107569).
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The Influence of the Components of the 06XH28M/T Alloy
(Analogue of AISI904L Steel) and the Parameters of the Model
Chloride-Containing Recycled Water of Enterprises on

Its Pitting Resistance

A.V.Dzhus, O. E. Narivskyi®, S. A. Subbotin, T. V. Pulina,
G. V. Snizhnoi, and S. D. Leoshchenko

Zaporizhzhia Polytechnic National University,
64 Zhukovsky Str.,
UA-69063 Zaporizhzhya, Ukraine
*LLC ‘Ukrspetsmash’,
7 Haharina Str.,
UA-71100 Berdiansk, Ukraine

Two mathematical models, which describe the dependence of critical pitting
temperatures of 06 XH28M/T alloy (analogue of AISI904L steel) in model
recycled water with pH 4-8 and chloride concentration from 350 up to 600
mg/l on chemical composition and structure, are developed. They are based
on multivariate regressions with pairwise combinations of features and a
three-layer neural network of direct signal. Applying the developed mathe-
matical models, it is found that the critical pitting temperatures of the
06XH28M/T alloy increase with an increase in the pH of model recycled wa-
ter, the content of Cr, Mo, Cu, the volume of titanium nitrides within it, and
a decrease in the medium austenite-grain diameter, the content of nickel
within the standard, and chlorides in the media. At the same time, the analy-
sis of the developed mathematical model, which is based on multivariate re-
gressions with paired combinations of features (alloy and media parameters),
reveals that the content of Cr and Ni in the alloy in combination with the me-
dium austenite-grain diameter most significantly affect its pitting resistance
in model recycled waters, and an effect of the Cr content in combination with
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pH and chloride concentration in the media is somewhat lower, but much
higher than an effect of the Mo and Cu content, and the volume of titanium
nitrides in combination with the media parameters. The developed mathe-
matical model, which is based on a three-layer neural network of direct signal
propagation, is recommended for predicting the pitting resistance of heat
exchangers made of 06 XH28M/T alloy or AISI904L steel when operating in
recycled water. In addition, the developed mathematical model, based on
multivariate regressions with paired combinations of features (alloy and me-
dia parameters), is recommended for selecting the optimal melts of this alloy
or steel, which are most resistant to pitting in recycled water.

Key words: pitting resistance, heat exchanger, recycled water, structural
heterogeneity, pitting resistance prediction.

PospobsieHo gBa MaTeMaTUYHUX MOZAEJi, AKi ONHCYIOTH 3aJIe:KHOCTI KPUTUU-
HuUX TeMmnepatyp nmiTunryBanud cromy 06 XH28MIT (amamor kpuii AISI904L)
Yy MOJeJbHIX 000pOoTHIX Bomax 3 pH 4—8 i koHIeHTpallieo xaopumis Big 350 go
600 Mr /1 Big XeMiuHOTO CKJIaLy Ta CTPYKTypu. BoHU I'PYHTYIOThCA Ha 6ararto-
BUMIipHUX perpeciax 3 mapHUMU KOMOiHAIisSsMU O3HAK i TPUITapoBili HeHPOH-
Hifl Mepe:Ki MpAMOro IOIIMPEeHHA CUI'HAJJY. I3 3aCTOCYBaHHAM PO3POOIEHUX
MaTeMaTUYHUX MOJEJIiB BCTAaHOBJIEHO, IN0 KPUTHUYHI TeMIepaTypu MIMiTHHIY-
BauHda crony 06 XH28M/IT pocTyTs 3i 36inbirenaam pH MogenbHIX 000POTHIX
Bogx, Bmicty Cr, Mo, Cu, 06’emy "iTpuznis Turany B HboMy Ta 3MEHIIIEHHSIM Ce-
peIHbOTO AissiMeTpa 3epHa aycTeHiTy, Bmicty Hikiio B Meskax cTaHIapTy Ta
XJIOPUIiB y cepemoBullli. BogHouac 3 aHa/lIisu po3po0I€eHOr0 MAaTEMATHUUYHOTO
MOJEJII0, AKUI I'PYHTYEThCA HA 0araTOBUMipHUX perpecisgx 3 mapHUMU KOMOi-
HaIiAMU o3HaK (IIapaMeTpiB CTOIIy Ta cepemoBUIIa) BUSIBJIEHO, 1Mo BMicT Cr i
Ni B cTomi B KombiHaIiaX i3 cepefHiM AiAMeTpoM 3epHa aycTeHiTy HaiticToT-
Hillle BIJIMBAIOTh HA HOTO MiTUHTOTPUBKICTS Y MOAEJIbHIX 000POTHIX BOAAX, a
BmicT Cr B KoMmOinaniax 3 pH i KoHIIeHTpAaI[ieo XJIOPULiB Y cepeaoBHUILi — Je-
110 MeHIIIe, ajie HabaraTo 6inbIme, Hisk BMmicT Mo, Cu, it 06’em HiTpuais Turany
B KOMOiHAIiAX 3 ImapaMeTrpaMu cepemoBuina. Po3pobieHmnii MaTeMaTUUYHUN
MOJlesIb, AKUU I'DYHTYETHCA HaA TPUIIAPOBiNi HEMPOHHIN MepesKi mpAMOro mo-
IIUPEeHHA CUTHAJNy, PEKOMEHIOBAHO 3aCTOCOBYBATHU MJis IIPOTHO3YBAHHS ITi-
TUHTOTPUBKOCTU TemaoobMinuuKiB 3i cromy O6XH28MIT ab6o xpuii
AISI904L mix uac poborti ix y 060poTHiX Bogax. I[o Toro K po3pobaeHuii mare-
MaTUUYHUHA MOJeNb, IKUUA I'PYHTYEThCA Ha 6araTOBUMipHUX perpecigx is map-
HUMU KOMOiHAIisMU O3HAK (IapaMeTpH CTOIy Ta CepemOBUINA), PEKOMEHO-
BaHO BUKOPUCTOBYBATU [JIs BUOODPY ONTUMAJbHUX TOIJIEHBb IIHOTO CTOIY abo
KpUIli, HAUTPUBKIIINX 0 MiTHHI'YBAaHHA B 000POTHiIX BOJAX.

KarouoBi c1roBa: mNiTUHI'OTPUBKiCTE, TEIJIOOOMiHHMK, 000POTHA BOAA, CTPYK-
TypPHA IreTePOreHHiCTh, IPOrHO3YBAHHSA HiTUHI'OTPUBKOCTH.

(Received 13 July, 2023, in final version, 25 August, 2023)

1.INTRODUCTION

Alloy 06 XH28MIT and its analogue, stainless steel AISI904L, are
used as a structural material for plate-like heat exchangers used in the
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production of acids such as sulfuric, phosphoric, orthophosphoric, hy-
drofluoric, etc.[1, 2]. Water from the recycling systems of enterprises
is used to cool the products of technological processes. It contains chlo-
ride ions and other anions that can cause pitting and subsequently ul-
cer corrosion of heat plate-like exchanger plates on the recycled water
side [3, 4]. Heat transfer plates of heat plate-like exchangers with a
thickness of 0.3 to 1.0 mm are subject to perforation in case of pitting
corrosion within a few months, which contributes to the spoilage of
technological products due to the recycled water overflow of into the
process medium, equipment failure and production shutdown [5].
Therefore, assessing the pitting resistance of 06 XH28M/T alloy and
predicting its corrosion behaviour under heat exchanger operating
conditions, depending on its components and parameters of recycled
water, is an actual issue. The authors of [6, 7] determined the pitting
resistance of this alloy by the gravimetric method according to TOCT
9.192-89 [8] and evaluated the effect of the chemical composition with-
in the standard and the structure components on the rate of corrosion
losses from pits. Paper [9] determined the critical pitting temperatures
(CPT) of the 06 XH28M/T alloy in model recycled waters with pH 4-8
and chloride concentrations of 350, 400, 500, 550, 600 mg/1, which are
most commonly encountered in the operation of heat exchangers, and
established direct regression relationships between them and the
chemical elements in the alloy and its structure components. However,
the gravimetric and electrochemical methods used in [6, 7] can only be
used to assess the relative pitting resistance of steels and alloys, and
its assessment according to [9] is discrete and does not take into ac-
count the weightiness of alloy components to pitting resistance. There-
fore, we used a multivariate regression model with paired combina-
tions of features and a model based on a three-layer neural network of
direct signal to determine the influence of alloy components and the
media on its pitting resistance.

2. EXPERIMENTAL/THEORETICAL DETAILS

Five industrial melts of 06 XH28M/T alloy have been studied (see Ta-
ble 1). Their CPT and structure were determined earlier [9]. A mathe-
matical model of the dependence of the alloy’s CPT on its chemical
composition, structure, and recycled water parameters was built using
a multivariate regression model with paired combinations of features
[10], which has the following form:

ysﬂ':Wfo+iiW'ﬁxfxf,s:1,2,.... 1)

i=1 j=i+l

where y° is a value of the output feature for the s-th observation of the
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TABLE 1. Inclusions in 06 XH28M/T alloy: titanium nitrides (a), titanium
sulphides (x) (b).

Melt Content of alloying elements, % wt.
number| ¢ | Si | Mn| Cr | Ni [ Mo| cu | Ti | 8 | P
0,050 0,60 0,32 24,31 27,39 2,90 2,75 0,79 0,006 0,029
0,067 0,57 0,46 22,68 27,65 2,78 2,68 0,59 0,005 0,027
0,068 0,55 0,54 21,84 27,45 2,55 2,60 0,55 0,004 0,038
0,048 0,62 0,57 22,67 27,73 2,56 2,53 0,67 0,006 0,028
0,050 0,57 0,31 23,46 27,51 2,51 2,78 0,89 0,004 0,032

OU = W DN =

sample (CPT), W;;is a weight of the pair of the i-th and j-th features, x;;
is a value of the j-th feature of the s-th sample instance.

In particular, x; is a pH of recycled water (4—8), x2 is a chloride con-
tent in it (350, 400, 500, 550, 600 mg/1) [9], x5 is a carbon (C) content
in the alloy, % wt., x4 is a manganese (Mn) content in the alloy, % wt.,
x5is asilicon (Si) content in the alloy, % wt., x¢is a chromium (Cr) con-
tent in the alloy, % wt., x7is a nickel (Ni) content in the alloy, % wt.,
xgis a titanium (Ti) content in the alloy, % wt., x9 is a sulphur (S) con-
tent in the alloy, % wt., x10 is a phosphorus (P) content in the alloy, %
wt., x11 is a molybdenum (Mo) content in the alloy, % wt., x12is a cop-
per (Cu) content in the alloy, % wt. (Table 1), x13is a volume of nitrides
(VH) in the alloy (0.0931-0.1918, % vol.), x14 is a volume of sulphides
and oxysulfides (Voxs.) in the alloy (0.0031-0.0091, % vol.), x;sisad;a
medium austenite grain diameter (11-31 pum), S is a number of sample
instances.

The weighting coefficients of the multivariate regression model
with paired combinations of features (1) by the least squares method
have been determined [10].

The model based on a three-layer neural network of direct signal
propagation can be described by the formula (2)[11]:

4 10 . 15 )
Yy o=y (Z wy (Z wy (Z wiPa? + w(()l’k’] + w(()S”)J + wf)S’l’J , (2)
i1 k=1 -1
where
y(a)=2/(1+e*)-1,

wi"" is a weight of the j-th input of the i-th neuron of the p-th layer of
the network. The model weights determined using the Levenberg-—
Marquardt method [12] are shown in Table 2.

The quality of mathematical models was assessed by the sum of the
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TABLE 2. Weight matrix of a neural network model.

1 2 3 4 5 6 7 8 9 10

]
0 -134.844 108.552 -23.932 -13.9014 57.153 —-106.352-74.938 23.6736 —111.449 76.796
1 -0.2869 -0.4641 -1.3294 2370457 0.0684 0.3266 -0.5051 —-1.1427 0.2523 -0.0827

-0.0239 0.0253 0.0262 -0.0060 0.1228 -0.0091 0.0168 0.0454 -0.0095 -0.0804
58.2442 46.4517 51.267712.0072  36.0747-24.4834 -33.826-30.0899 17.0394 46.4768

—2.4224 -0.0100 10644090.4055 218585 -2.6729 12.07177.1508 0.0222 -0.2617

-0.1886 -1.0166 4.0705 —6.4423  -1.50013.0751 -11.763-5.9121 -1.5285 1402930
2167382 -2.4512 759372 -5.4321 = 2845242-1.4168 1241097825116 485895 0.2011
62125 -2.4736 -2.4522733133 —6.5408138915 972309 -3.3467 -0.5239 -3.1939
570876 -4.2885 -4.14122.0000 -3.7966-3.0473 -3.8027-3.3315 3.1598 4.1664

-459.851-462.602 316.348-198.8480 586.166679.8659 175.503575.3475 —200.507 185.858
10327.193552.3413 338.974175.9256 —9.7548100.0848 236.977-240.566 —106.864 346.676
11-0.3777 1559254 23301576.0926 —0.1759-1.8654 -4.37870.6532 —-0.1543 1971641
121298105 2482952 -0.0359-1.8416  16929320.7505 -8.63070.3678 —-2.3054 -5.6363

132850232 -3.8677 -9.0446-13.2948 91344 -6.9190 16.390 -7.3614 -4.3400 -6.2279

14186.381 —35.4955 145.535569.9204  127.799-202.043 213.158202.8595 —333.690 —17.314

150.2702 -0.4688 -0.2367-0.4299  -0.0938-0.0190 -0.06720.0453 0.8374 -0.0112

0 3.3239 -5.2951 -0.0394 3.5318 0,5468
1 -6.5506 —-1.9151 1.5532 -29.4449-0.0634
2 -3.4062 3.3580 1.0473 -18.0075-0.0534
3 —-6.9230 13.5103 1.0144 -0.1335 -0.0775

4 -2.3828 1.6407 -0.5092 -0.5864 -0.0884
5 -3.0619 -3.9370 1.4130 -25.2640

6
7

8

9

© 00 3 & Ot k= W N

3.0371 5.2854 -0.0313

0.8588 1.5984 0.7082

—-2.0264 2.8548 -0.4572

—4.7197 -3.7546 0.5146
10-1.6440 6.1952 -0.2568 -1.3983

squares of instantaneous errors[10]:

S

E=Y W -y), 3)

s=1

where ysk is a model-estimated value of the output feature for the s-th
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observation, y’is an experimental value of the test sample of five melts
of 06 XH28MIIT alloy.

3. RESULTS AND DISCUSSION

The analysis of the developed multivariate regression model with
pairwise combinations of features (3) showed that the characteristics
of model recycled water pH (x;) and the concentration of chlorides (x2)
in it have the most significant effect on the CPT of 06 XH28M/IT alloy,
i.e., its resistance to pitting corrosion:

Y (CTP) =—0.0028279x,x, + 0.44975x,x; — 0.12969x, x, —
-1.5328x,x,, +4.2954x,x,;, —0.01219x,x,,+0.0080727x,x, —
—-0.0023078x,x, —0.060578x,x,, +0.25833x,x,, — (4)
-0.00076892x,x,, —0.47974x ;x, + 0.67333x,x,, +
+1.1452x,x,, +3.259x,x,, —0.5105x,x .

This is consistent with the results of the mathematical developed
analysis models for AISI304 [13], AISI321[14] and AISI304, AISI321,
08X18H10, 12X18H10T together, which establish the relationship
between their CPT, chemical composition, structure heterogeneity and
parameters of the recycled water in which the study was conducted. In
addition, it should be noted that papers [13—15] found an intensive in-
crease in the CPT of these steels with an increase in the pH of model
recycled water from 4 up to 8 and a decrease in the concentration of
chlorides from 600mg/1 up to 350mg/l. The same trend for
06XH28M/T alloy under similar test conditions has been found [16].
This is also consistent with well-known literature data [17—23]. The
analysis of model (4) shows that the sum of the input features x; x; has
a negative value of —0.0028279, which indicates a more intense effect
of increasing the chloride concentration in the model recycled water
from 350 mg/1 up to 600 mg/1 on reducing the alloys’ CPT than a de-
crease in the pH of the medium from 8 up to 4. However, the priority
effect of the chloride concentration in the model recycled water on the
CPT of the 06 XH28M/IT alloy is not much more significant than its
pH, since it decreases only by 9.6°C with an increase in pH (x;) from 4
up to 8, and Cg (x2) from 350 mg /1 up to 600 mg/1.

According to the sum of the input features pH (x;) and Cr (xs) (see
(3)), the CPT of 06XH28M/T alloy increases by 48.1°C with an in-
crease in the pH (x;) of the model recycled water from 4 up to 8 and the
Cr content (x6) in the alloy from 21.82 up to 24.29% wt.

This is due to the fact that Cr promotes the formation of dense oxide
films on the surface of steels and alloys. Their resistance to pitting
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corrosion depends on their properties [24]. In particular, when deter-
mining the characteristics of passive films by the pitting potential of
steel, which depends on temperature, pH, chloride concentration, etc.
[25], it was found that stainless steels with passive films with a closer
donor bond are more prone to pitting corrosion in chloride-containing
media[26].

It should be noted that the pitting potential of 06 XH28M/IT alloy,
which characterizes the passive film on its surface under such test
conditions, equally depends on the Cr content (xs) and pH (x;) of model
recycled water and the concentration of chlorides Cq (x2) in it, since its
CPT, as mentioned above, increases by 48.1°C with an increase in pH
from 4 up to 8 and Cr content from 21.82 up to 24.29% wt. according
to the sum pH (x1)Cr (x6) (see (4)) and by 56°C with an increase in Cr
content in the same range and a decrease in chloride concentration (xz)
in model recycled water from 600 up to 350 mg/1 according to the sum
X2x6 (see (4)).

Summarizing the above, it can be noted that lowering the pH of
model recycled water contributes to the formation of chromium-
containing oxide films on the surface of the 06 XH28M/IT alloy with a
closer donor bond than the concentration of chlorides in them. At the
same time, according to paper [25] and the dependencies established
above, it is obvious that the lower the chromium content in the alloy,
the closer the donor properties of the oxide film as a semiconductor on
its surface and the lower its pitting resistance.

Most likely, Ni and especially Mo in the alloy contribute to the for-
mation of oxide films mixed with chromium on its surface with closer
donor bonds. Since, according to the analysis of model (4), it was found
that its CPT decreases by 14.5° for the sum x; (pH)x- (Ni) and 19.8° for
x1 (pH)x11 (Mo) with increasing media pH from 4 up to 8, Ni content
from 27.4 up to 27.7% wt. and Mo from 2.53 up to 2.88% wt., respec-
tively. A similar trend was revealed from the analysis of the mathe-
matical model (3) for pairs of sums x; (Cu)x~ (Ni) and x2 (Cc)x11 (Mo),
since the CPT of the 06 XH28M]IT alloy decreases by 16.2 and 51°C,
respectively, with an increase in the Ni content from 27.4 up to 27.7%
wt., Mo from 2.53 up to 2.88% wt. and chloride concentration in the
media from 350 up to 600 mg/l. It should be noted that in the case of
both Cr and Ni and Mo sum, the effect of chloride concentration in the
media on the CPT of the alloy is greater than its pH (x;). This indicates
that adsorption processes on the alloy surface are of priority im-
portance in relation to its pitting corrosion. This may indicate that the
dependences established according to (4) for Ni and Mo pairs are relat-
ed to the porosity of oxide films, which is affected by the content of
these chemical elements. It is known [27] that an increase in the porosi-
ty of oxide films on the surface of steels and alloys contributes to a de-
crease in their pitting resistance in chloride-containing media.
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To summarize the above, it should be noted that the pH (x:) and
chloride concentration (x:) in the media and the content of Cr, Ni and
Mo in the alloy significantly affect its pitting resistance. In particular,
the concentration of chlorides in the media most significantly deter-
mines the semiconductor properties of Cr, Ni and Mo-containing oxide
films on the alloy surface and their resistance to pitting.

From the analysis of the mathematical model (4), it was found that
the CPT of the 06 XH28M/IT alloy increases by 4.7°C with an increase
in the volume of titanium nitrides (see Fig. 1) from 0.0931 up to
0.1918% vol. and the pH of the model recycled water from 4 up to 8. At
the same time, it increases by 20.3°C with an increase in the volume of
titanium nitride in the same interval and a chloride concentration
from 350 up to 600 mg/l. This tendency may indicate that the for-
mation of pitting in the vicinity of titanium nitride inclusions is caused
by adsorption processes of chlorides from a chloride-containing media in

Ti ' ' S
a

Fig. 1. Inclusions in 06 XH28M/T alloy: titanium nitrides (a), titanium sul-
phides (x) (b).
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Continuation of Fig. 1.

places of the greatest accumulation of imperfections in the structure of
oxide films on the alloy surface. Moreover, these processes depend more
on the chloride concentration in the media than on its pH (x1).

At the same time, it should be noted that works [9, 28] revealed a de-
crease in the CPT of AISI321 steel and 06 XH28M/IT alloy with an in-
crease in the volume of titanium nitrides involved in pitting corrosion
under similar test conditions. Thus, it follows that the more pitting
sites on the surface of a steel or alloy in the vicinity of titanium nitride
inclusions, the lower the resistance of the oxide film on their surface to
pitting corrosion. At the same time, titanium nitrides in the
06XH28M/T alloy have a positive effect on the protective properties
of the oxide film, which, according to paper [26], may be due to a de-
crease in the strength of their donor bonds.

It should also be noted that the semiconductor properties of the ox-
ide film on the surface of the 06 XH28M/IT alloy depend much more on
the content of Cr, Mo, and Ni than on the volume of titanium nitrides,
which is based on a comparison of the above pairs of sums of these
chemical elements and the volume of titanium nitrides with the pa-
rameters of model recycled water pH (x;) and (x2) chloride concentra-
tion. The influence of the medium austenite grain diameter (see Fig. 2)
of the alloy on its CPT was not as significant as the content of Cr, Ni,
and Mo, since it decreases by 2.5°C for the sum x; (pH)x15 (d;) with an
increase in the pH parameter (x;) from 4 up to 8 and the medium aus-
tenite grain diameter (x15) from 11 up to 31 uym. At the same time, for
the pair of the sum x; (Ca)x15 (dg), a decrease in the CPT of the alloy by
11.3°C was found with an increase in its parameter x5 (d;) from 11 up
to 31 uym and a chloride concentration in the model recycled water from
350 up to 600 mg/1. It should be noted that the influence of the latter,
as well as in pairs of sums of the media parameter x; (Cc)) with the alloy
parameters Cr (xs), Mo (x11), Ni (x7), is significantly higher than the
pH (x,) of the media with these alloy parameters.
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Fig. 2. Austenite grain in 06 XH28M/T alloy (x450): minimum, dg=11 pm (a)
and maximum, dg = 31 pm (b) meaning of medium austenite grain diameter.

The decrease in the CPT of 06 XH28M/IT alloy with an increase in
the medium diameter of the austenite grain x5 (d,) is most likely due to
an increase in the degree of incoherence between the atoms of adjacent
austenite grain lattices and, accordingly, an increase in the number of
imperfections in the austenite structure at the intersection of inclu-
sions with the boundaries of austenite grains, where stable pitting oc-
curs and develops [29, 30]. However, this is not the main factor that
determines the resistance of the 06 XH28M/T alloy to pitting corro-
sion in recycled water, since according to (4), it was found that its CPT
increases at conditional 345°C for a pair of sums xs (Cr)x15 (d:) with an
increase in the parameter x5 (d;) from 11 up to 31 um and the Cr con-
tent in the alloy from 21.82 up to 24.29% wt.

In addition, according to (3), the CPT of the alloy decreases by con-
ditional 284°C for a pair of the sum x7 (Ni)xi5 (d,) with an increase in
the parameter x5 (dg) in the same interval and the Ni content (x7) in the
alloy from 27.4 up to 27.7% wt. Thus, it turns out that an increase in
the degree of incoherence between the atoms of adjacent austenite
grain lattices due to an increase in its average diameter d, (x15) con-
tributes to a decrease in the CPT (y) and pitting resistance of the
06XH28M/T alloy, but this effect is offset by an increase in the Cr
content (xs) due to the formation of chromium-containing oxide films
with a lower donor bond on its surface. Most likely, an increase in the
Ni content in the alloy contributes to an increase in the degree of donor
bonding in the oxide film on the alloy surface, which reduces its re-
sistance to pitting corrosion. It should be noted that the negative im-
pact of increasing the Ni (x7) content in the alloy within the standard is
quite significant, since analysis (3) shows that its CPT decreases at a
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conditional 35.9°C with an increase in the Cr (xs) and Ni (x7) content in
the intervals according to the data in Table 1. At the same time, it
should be noted that the negative effect of an increase in the Ni (x7)
content within the standard on the pitting resistance of the alloy is
levelled out by an increase in the Mo (x11) and Cu (x12) content, since the
CPT for the pair of the sum Ni (x7)Mo (x11) increases by 12, and for Ni
(x7) Cu (x12) by 22.5°C with an increase in the content of these chemical
elements in the above intervals (Table 1).

Summarizing the above, it can be noted that in model recycled wa-
ters with pH 4—-8 and chloride concentration from 350 up to 600 mg/1,
the pitting resistance of 06 XH28M/IT alloy increases with an increase
in their pH (x1), Cr (x6), Mo (x11), Cu (x12) content and a decrease in
chloride concentration (x:) and medium austenite grain diameter. The
influence of media parameters x;, x2, and Cr, Ni alloy and medium aus-
tenite grain diameter is the most significant. This is consistent with
the results of studies [13—16]. The developed model based on a three-
layer direct signal propagation neural network (2) makes it possible to
more accurately determine the pitting resistance of 06 XH28M/T alloy
depending on changes in its parameters and model recycled water (x1,
x2), but the weighting coefficients w{"" of the neural network of model
(2) do not provide useful information for analysing the effect of alloy
and medium parameters on its CPT.

The minimum value of the CPT error of the 06 XH28M/IT alloy de-
termined by means of Eq. (3) is Eniy,=0.0186°C, the maximum
E..x=5.3207°C, the average E.,=1.381508°C, and the accumulative
value Eq, =-172.68.85°C. However, the minimum value of the alloys’
CPT error determined by calculation with (2) is E.i.=0.0001°C,
E...=1.0261°C, E,,=0.10192°C, and E.mn=12.72°C. Therefore, it is
recommended to use model (2) to predict the pitting resistance of
06XH28M/T alloy during the operation of heat exchangers, and model
(3) to select the optimal melt in terms of pitting resistance.

4. CONCLUSION

Two statistical models based on multivariate regression with pairwise
combinations of features and a three-layer neural network of direct
signal have been developed. They are proposed to be used to select the
optimal melts of 06XH28M/IT alloy and to predict the pitting re-
sistance of heat exchangers made of it or its analogue, AISI904L steel,
when operating in recycled water. It was found that the pitting re-
sistance of the alloy increases with an increase in the pH of recycled
water, the content of Cr, Mo, Cu, and the volume of titanium nitrides
in it, and a decrease in the medium austenite grain diameter, the con-
tent of nickel within the standard and chlorides in the media. The in-
fluence of Cr and Ni content in pairs of sums with the medium austen-
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ite grain diameter on the pitting resistance of the alloy is most signifi-
cant, and that of chromium in pairs with the media parameters is
somewhat less.
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